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Abstract
Unlike the human brain, which produces few neurons in adulthood, the brains of
songbirds continue to produce new neurons throughout life. The function of these new
neurons is not know, although it has been suggested that they endow the avian brain with
a remarkable regenerative capacity that does not exist in mammals. It has also been
proposed that the addition of new neurons in adulthood underlies behavioral plasticity,
such as song learning. A better understanding of the cellular mechanisms that control the
addition of new neurons to the postnatal brain may help clarify its biological function.
This thesis is an investigation of the cell biology of postnatal neurogenesis in the
songbird forebrain, with special emphasis on the High Vocal Center.
Neuronal progenitors in the juvenile zebra finch brain were identified by fate
mapping using engineered retroviruses. Multiple populations of neural progenitors
appear to exist in the juvenile zebra finch brain, and each produces different types of
neurons. At least three cell types appear to be added to the postnatal finch brain.
Homology between neurogenesis in the postnatal finch and embryonic mammalian
forebrain was also assessed.
To characterize the mechanism of cell addition, videos were made, documenting
the migration and integration of new neurons into the High Vocal Center. Neural
progenitors were labeled using retroviruses, carrying the gene for the green fluorescent
protein, allowing new neurons to be observed in the intact brain, with a powerful infrared
laser. By replacing a small hole in the skull with a piece of optical glass, one could
observe labeled neurons periodically over many days as they were born until they wired
up to the existing circuitry. New neurons engaged in a previously undescribed form of
migration. Further study of this form of neuron migration as well as other aspects of
postnatal neurogenesis may lead to the development of strategies for replacing neurons in
the human brain lost to death or disease.
Chapter 1
Introduction
All vertebrate species studied add new neurons to the brain throughout the lifetime of the
animal. Since its discovery', postnatal neurogenesis has attracted significant attention
because it stood in direct contrast to earlier dogma established by the classical
neuroanatomists and it suggested that new neurons could be used to repair the human
brain. Yet for all the attention this phenomenon has received in the past four decades, its
biological function remains unknown.
The extent of postnatal neurogenesis varies by neuronal type and by species. In most
species only a subset of neurons are added to the adult brain, with the remainder born
during embryonic development. For example, mammals, including humans, add only
two types of cells to the adult brain: the granule cells of the dentate gyrus and the granule
cells of the olfactory bulb2 . All other neurons are born shortly after birth. Neurogenesis
is more widespread in other vertebrate species such as reptiles, birds, amphibians and fish
(Kaslin et al., 2008). These observations raise the following questions: Why are some
cell types replaced and not others? Why are some neuron types replaced in some animals
and not replaced in others?
It has been hypothesized that neurogenesis plays a role in brain repair after traumatic
injury or in tissue maintenance. However studies from songbirds have suggested an
alternative hypothesis about the biological role of postnatal neurogenesis.
In the early 1960s Josef Altman and colleagues at the Massachusetts Institute of
Technology used tritiated thymidine to label newborn neurons in the brain (Altman,
1962). Tritiated thymidine gets incorporated into newly synthesized DNA and can be
detected with radiographic film (Taylor et al., 1957) thus allowing dividing cells to be
identified (Hughes et al., 1958). A central theme in this thesis is to highlight how
technological developments lead to shifts in the intellectual landscape.
2 It was Altman, who, working in mice, identified the limits of neurogenesis in the
postnatal mammalian forebrain. New neurons were restricted to two zones, the olfactory
bulb (Altman, 1969), which processes the sense of smell and the dentate gyrus (Altman,
1965), a region involved in the formation of new memories.
Major insight into the function of neurogenesis was obtained from studies in songbirds by
Fernando Nottebohm and colleagues at the Rockefeller University. Like other avian
species, songbirds exhibit robust neurogenesis throughout adulthood. Nottebohm and
colleagues were particularly interested in the addition of new neurons to the song system,
a specialized forebrain circuit that controls vocal communication. These studies were the
first to document, by electrophysiological recordings (Paton and Nottebohm, 1984) and
electron microscopy, that newborn neurons join the existing circuitry, making synapses
with older resident neurons. In particular, one nucleus in the song system, the High
Vocal Center (HVC), became the focus of research. In two songbird species, zebra
finches and canaries, the highest rate of neurogenesis in HVC occurs during the critical
period for song learning (Alvarez-Buylla et al., 1988; Nordeen and Nordeen, 1988). This
observation has lead to the hypothesis that the postnatal neurogenesis may be a
mechanism for behavior plasticity.
Canaries breed seasonally and in the spring the lengthening day leads to an increase of
circulating testosterone in males, which in turn leads to increased territoriality and
courtship behavior. Singing behavior, which is used to defend territory and attract mates,
increases in frequency. In early spring canaries make modifications to their songs by
adding and removing new syllables. At this time HVC swells in size (Nottebohm, 1981)
due to the enlargement of existing neurons and the addition of new neurons. After the
breeding period, many of the newborn neurons added during the spring undergo cell
death, only to be replaced in the spring by new neurons (Alvarez-Buylla and Kirn, 1997).
One interpretation of this replacement program is that the addition of a new cohort of
spring neurons and loss of old cells is a mechanism for the formation of the new motor
memories (Alvarez-Buylla et al., 1990). Although this hypothesis remains controversial,
increased rates of neurogenesis have been observed to correlate with learning in other
systems such as the hippocampus.
Only by manipulation of postnatal neurogenesis will we be able to test hypotheses about
its biological function. Identification of the genes and cellular mechanisms of postnatal
neurogenesis will give us the tools to manipulate this process. Once we gain control we
may be able to harness postnatal neurogenesis for brain repair.
Before attacking this problem it will be useful to consider separately the phases of life of
a single neuron; proliferation (when and where cells are born), migration (how cells find
and get integrated into neural circuits) and differentiation (what type of neurons these
cells become).
Our first step in understanding postnatal neurogenesis is to characterize neuron
proliferation. We want to know when and where neurons are born. This knowledge is
required if we want to fully explain the biology of neurogenesis and will allow us to gain
experimental control over new neurons. We can use our understanding of neurogenesis
to genetically manipulate the new neurons selectively. Specific classes of cells can be
manipulated genetically, if 1) there exists a known promoter for these cells or 2) a vector
can be specifically targeted to these cells. Since tools for songbird transgenesis are only
beginning to be developed (see Appendix) and promoters for cell type specific expression
have not been described 3, we are better served to use vectors to deliver genes to directly
to the cells of interest.
Retroviruses are particularly useful tools for delivering genes to proliferating cells
(Figure 1). Two classes of retroviruses, lentiviruses4 and oncoretroviruses, have been
widely used for gene delivery to animal cells. Oncoretroviruses were the first
retroviruses to be discovered (Coffin et al., 1997) and domesticated (Shimotohno and
Temin, 1981). Domesticated oncoretroviruses, called oncoretroviral vectors, are
produced in the laboratory and lack the ability to replicate and cause disease (but see
(Hacein-Bey-Abina et al., 2003)). These vectors have been used for cell lineage analysis
in the nervous system (Price et al., 1987; Turner and Cepko, 1987). Oncoretroviral
3 No cis-acting DNA regulatory elements for songbird neurons have been identified.
4 Vectors derived from lentiviruses will be discussed later on in the appendix.
vectors have been useful for the study of development because they can label cells
genetically and they can be engineered to carry genes that encode protein markers, such
as GFP and LacZ, allowing infected cells and all their progeny to be visually identified.
A second useful feature of oncoretroviral vectors is that they only infect actively dividing
cells. Oncoretroviruses and their vectors require that the host cell undergo passage
through mitosis for infection (Roe et al., 1993). It is believed that these cells require the
breakdown of the envelope of the nuclear membrane to gain access to the host
chromosomes. This requirement makes oncoretroviral vectors particularly useful when
studying postnatal neurogenesis since oncoretroviral vectors can only infect actively
dividing stem cells and are unable to infect post-mitotic neurons.
The necessary first step in using oncoretroviral vectors is to identify when and where new
neurons are born. Based on experiments with tritiated thymidine it was hypothesized that
new neurons were born from radial glia in the walls of the lateral ventricle. However,
specific classes of neurons are born from different populations of radial glia that reside in
separate locations along the wall of the lateral ventricle. Therefore it is possible, by
targeting viral injection into these different areas to preferentially infect newborn neurons
of specific subclasses. By systematically injecting oncoretroviral vectors carrying the
gene for GFP in different locations throughout the LV and examining the spread of cells,
I identified the positions that give rise to the neurons of the song system (Chapter 2).
Cells move by three primary mechanisms (Bray, 2001), 1) actively by propulsion or
locomotion, examples include certain are single celled eukaryotes such as paramecium,
bacteria, such as E. coli5 and certain specialized metazoan cells such as sperm, 2) cells
may move as a result of being pushed by other cells during growth. 3) cells may move
actively by crawling. This later process describes how most neurons move and is
5 This form of migration was thoroughly studied in E coli in the 1970s and represents the
most satisfying body of work on migration from a theoretical perspective (Berg, 1975).
essential for proper formation of the vertebrate brain. Neurons are born from stem cells
that lie within the ventricular zone (VZ) and must travel, sometimes over great distances,
in order to reach their ultimate position within the brain. In humans, disruption of the
genes that direct neuronal migration can cause severe mental retardation or death
(Gleeson and Walsh, 2000). Since the failure of neurons to properly migrate carries
serious consequences for the organism and this process is under tight genetic control.
How this neuron migration is regulated in the postnatal brain is not known. In other
systems, such as the developing cerebral cortex, both chemical and electrical cues have
been implicated in the regulation of neuron migration. Chemical cues may be presented
locally or by diffusion. There is also mounting evidence of the influence of
neurotransmitters (Komuro and Rakic, 1993; Manent et al., 2005). Cellular scaffolds also
regulate neuron migration. In the developing vertebrate brain, radial fibers (the long
projections of radial glia) form a substrate for the migration of neurons away from the VZ
and into the brain. In mammals radial glia undergo apoptosis or differentiate into
astrocytes after they serve their function as a migratory scaffold, however in birds, radial
glia, persist into adulthood. In histological sections from the songbird brain, some new
neurons appear to migrate along radial fibers, suggesting that radial glia may play a role
in neuron migration in the adult brain. However, some areas of the songbird forebrain
that receive new neurons do not contain radial glia, suggesting that other mechanisms of
migration may exist.
Additional mechanisms may be necessary because the amount of extracellular space
dramatically reduces as the brain matures (Bondareff and Narotzky, 1972). The high
density of cells and neuropil with synapses that are stable for months to years (Holtmaat
et al., 2005) suggests that the mature brain poses unique obstacles for migration, where
the radial scaffold no longer exists and mature neurons and neuropil present an
impediment to directed migration. One failure of neuron replacement strategies is the
lack of migration observed in cells grafted into the mature brain. Perhaps a specialized
genetic program exists for the migration of neurons through the mature brain. Activation
of this program may allow grafted cells to migrate through the adult brain to replace cells
lost to death as they do in the avian brain (Scharff et al., 2000).
One strategy for gaining further insight into migration in the postnatal brain is to observe
this process from cell birth through migration to differentiation. Observation of cell
behavior, sometimes called cellular ethology, reveals a great deal about the rules that
govern neurogenesis and provides a framework for the discovery of its molecular
mechanisms (Lichtman and Smith, 2008; Schroeder, 2008). Recently it has become
possible to monitor fluorescently labeled cells in vivo using two-photon microscopy6 .
These techniques have led to a revolution in cellular ethology and our understanding of
development. In the following chapters I describe the behavior of new neurons during
learning in the juvenile male zebra finch. Chapter 2 describes the origin of new neurons
that join the song system, and describes a technique for genetically labeling specific
subpopulations of new neurons. Chapter 3 describes the search-like behavior of newborn
neurons as they integrate into the HVC. In Chapter 4, I speculate about the broader
significance of these findings in relation to the evolution of behavioral traits and
developmental origin of complex patterns in biological systems.
6 The history of cell biology is inexorably linked with technical advances in microscopy.
Once the light microscope was introduced to biology in the mid17th century, scientists
began to observe small globular structures, "Cells" as the English scientists Robert
Hooke described them (Hooke, 1667). By the mid 19th century, cells, and their
ubiquitous nuclei had been observed in histological sections from plant and animal tissue.
In 1839, Schwann and Schleiden formulated the basic tenets of what would become cell
theory: cells form the basic units of life, the tissues of plants and animals are made up of
cells (Schwann et al., 1847).
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Developmental Origin and Identity of
Song System Neurons Born during Vocal
Learning in Songbirds
BENJAMIN B. SCOTT AND CARLOS LOIS*
Department of Brain and Cognitive Sciences, Picower Institute for Learning and Memory,
MIT, Cambridge, Massachusetts 02139
ABSTRACT
New neurons are added to the forebrain song control regions high vocal center (HVC) and
Area X of juvenile songbirds but the identity and site of origin of these cells have not been
fully characterized. We used oncoretroviral vectors to genetically label neuronal progenitors
in different regions of the zebra finch lateral ventricle. A region corresponding to the
mammalian medial and lateral ganglionic eminences generated medium spiny neurons found
in Area X and in the striatum surrounding Area X, and at least two classes of interneurons
found in HVC. In addition, our experiments indicate that the HVC projection neurons that
project into nucleus robust nucleus of the arcopallium (RA) are born locally from the ven-
tricular region immediately dorsal to HVC. The ability to genetically target neuron subpopu-
lations that give rise to different song system cell types provides a tool for specific genetic
manipulations of these cell types. In addition, our results suggest striking similarities
between neurogenesis in the embryonic mammalian brain and in the brain of the juvenile
songbird and provide further evidence for the existence of conserved cell types in the
forebrain for birds and mammals. J. Comp. Neurol. 502:202-214, 2007.
D 2007 Wiley-Liss, Inc.
Indexing terms: neurogenesis; basal ganglia; medium spiny neuron; interneuron; critical period;
zebra finch
The songbird brain contains a neural pathway special-
ized for the production of learned vocalizations (Notte-
bohm, 1999). This pathway, termed the song system, con-
sists of interconnected song nuclei located in the forebrain,
midbrain, and hindbrain dedicated to processing auditory
and motor signals related to song. The song system is not
fully formed during the embryonic stage. Instead, it un-
dergoes dramatic anatomical development while juvenile
songbirds learn their song. During the song learning pe-
riod, two song nuclei of the juvenile male songbird fore-
brain, the high vocal center of the nidopallium (HVC) and
Area X of the striatum, greatly increase in neuron number
(Nordeen and Nordeen, 1988, 1990; Alvarez-Buylla et al.,
1988a). New neurons are also added to these two nuclei in
adulthood, particularly at the time when the song is mod-
ified. The temporal relationship between new neuron ad-
dition and song learning has lead to the hypothesis that
postnatal neurogenesis plays an important role in song
learning (Alvarez-Buylla et al., 1990a; Nottebohm, 2002;
Wilbrecht et al., 2006). However, the identity of the neu-
rons added to the song system after hatching has been
only partially characterized (Alvarez-Buylla et al., 1990a;
Kirn et al., 1991; Sohrabji et al., 1993; Nordeen and Nor-
deen, 1988; Nottebohm, 2004) and detailed knowledge
about their morphology, electrophysiology, and connectiv-
ity is needed to formulate realistic hypotheses about the
function of postnatal neurogenesis in the songbird brain.
Telencephalic neural progenitors are known to reside in
the ventricular zone (VZ) in the walls of the lateral ven-
tricles during vertebrate embryonic development. Differ-
ent subregions of the VZ are specialized for the production
of different classes of neurons. The VZ of the lateral ven-
tricle can be divided during the embryonic stage into two
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regions, the pallial VZ and subpallial VZ, each specialized
for the production of different classes of neurons. The
pallial VZ, which lies adjacent to the pallial anlage, ex-
presses the T-box transcription factor TBR1 and, in mice,
generates excitatory neurons of the cortex (Hevner et al.,
2006). The subpallial VZ, which is adjacent to the striatal
anlage, expresses the homeobox gene DLX2, and in mice
gives rise to inhibitory interneurons in the striatum and
cortex as well as the medium spiny neurons (MSNs) of the
striatum (Marin and Rubenstein, 2003). In mammals the
VZ is a transient structure that exists during a brief
period during embryogenesis. In birds the VZ persists
after birth (Alvarez-Buylla et al., 1998) and is thought to
continue to produce new neurons into adulthood (Gold-
man and Nottebohm, 1983; Alvarez-Buylla and Notte-
bohm, 1988; Alvarez-Buylla et al., 1990a; Dewulf and Bot-
tjer, 2005); however, the different cell types produced by
the VZ after hatching remain unknown.
We sought to characterize the postnatal VZ of juvenile
zebra finches and to determine the developmental origin
and identity of the new neurons added to the song system.
We performed immunohistochemical analysis of TBR1
and DLX expression to identify the pallial and subpallial
VZ. We then used local injections of an oncoretroviral
vector carrying the gene for the green fluorescent protein
(GFP) to label neuronal progenitors in subregions of the
VZ expressing either TBR1 or DLX genes. Thirty-five days
after infection of the lateral ventricle we observed mature,
GFP-positive (GFP+) neurons in HVC and Area X. Neu-
rons in HVC that extended axons into the robust nucleus
of the arcopallium (RA) appeared following the infection of
the TBR1-positive (TBR1+) VZ overlying HVC. After in-
fection of the DLX-positive (DLX+) VZ adjacent to the
striatum, a region homologous to the mammalian medial
ganglionic eminence (MGE) and lateral ganglionic emi-
nence (LGE) (Puelles et al., 2000), medium spiny neurons
were detected in Area X and two types of GABAergic
neurons were detected in HVC.
These observations have allowed us to characterize the
phenotype of the new neurons that are added into juvenile
brain nuclei of the song system during the period of song
learning. In addition, the identification of the site of origin
of these different neuron types provides us with a conve-
nient method to genetically manipulate the activity of
song system cells. Finally, our observations reveal strik-
ing homologies between brain development in embryonic
mammals and juvenile songbirds, and suggests that the
array of cell types in the avian and mammalian forebrain
is more similar than previously thought.
MATERIALS AND METHODS
Viral vectors
Oncoretroviral vectors based on the Moloney Murine
Leukemia Virus were engineered to carry GFP under con-
trol of the internal promoter of the Rous Sarcoma Virus
(Yamamoto et al., 1980), which we determined to be a
strong ubiquitous promoter in zebra finch cells. Viral vec-
tors were pseudotyped with the VSVg envelope, produced
as described for lentiviruses (Lois et al., 2002) and con-
centrated to 106 infectious units (I.U.)/pL. Following con-
centration, vector solutions were aliquoted and stored at
-80 0 C.
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Surgery
Zebra finches were obtained from our breeding colony at
MIT. Twelve males were injected bilaterally into either
the subpallial or pallial VZs 28-48 days after hatching.
Bilateral injections were also made into the pallial VZs of
four adult females. Stereotaxic coordinates used were
based on the expression of marker proteins TBR1 and the
DLX family and initially determined using stereotaxic
coordinates derived from the canary atlas of Stokes et al.
(1974) and subsequently confirmed empirically. The head
of the bird was placed in a stereotaxic head holder at an
angle of 45* and we defined the branch point of the sagittal
sinus that lies just anterior to the rostral tip of the cere-
bellum as stereotaxic point 0.0 both for the anteroposte-
rior and the mediolateral axes. To target the subpallial VZ
we used the following coordinates: 1.6 mm anterior, 4.4-
4.8 mm lateral, 3.75-3.85 mm bellow the dura and an
injection angle tilted 450 relative to the horizontal plane.
To target the VZ just dorsal to HVC we penetrated the
brain perpendicular to the surface of the brain (900 verti-
cal injection angle relative to the horizontal plane) and
used the following coordinates: 0.3 mm anterior, 2.2 mm
lateral, 0.17-0.3 mm deep.
Injection needles were constructed from pulled borosili-
cate capillary tubes (Sutter Instrument, Novato, CA) with
a fine taper, whose tip had been cut to 20-50 sm inner
diameter using a ceramic cutting tile (Sutter Instrument).
Then 100-1,000 nL of vector solution was delivered by
slow (0.5 nL per second) injection using a micropump
(WPI, Sarasota, FL). Following surgery, animals were re-
turned to our colony where they were housed with their
family (if younger than 40 days posthatch) or other juve-
nile males (if older than 40 days posthatch).
For retrograde tracing of HVCR projection cells, we
injected 30 nL of FluoroGold (Fluorochrome, Englewood,
CO) in the right RA and 30 nL of cholera toxin subunit B
conjugated to Alexa Fluor 555 (Molecular Probes, Eugene,
OR) in the left RA. FluoroGold was used as a tracer to
allow comparison with previous studies that used this
tracer. Cholera toxin subunit B conjugated to Alexa Fluor
555 was used to allow visualization of these cells by con-
focal microscopy. These injections were performed 7 days
prior to perfusion. One juvenile zebra finch became ill 4
days after the RA injections and was perfused immedi-
ately. Previous studies have shown that 4 days are suffi-
cient for retrograde tracing and we noticed no difference in
the percentage of GFP+ cells retrogradely labeled in this
animal or in the morphology of GFP+ cells.
Histology and immunohistochemistry
Juvenile zebra finch males were deeply anesthetized
with ketamine and xylazine and perfused intracardially
with 20 mL of phosphate-buffered saline (PBS), pH 7.4,
followed by 3% paraformaldehyde in PBS (50 mL). Brains
were removed from the skull and soaked in 3% parafor-
maldehyde for 12-24 hours at 4*C. After fixation, brains
were washed with PBS and cut to 30, 50, or 100 lim
sections with a vibrating microtome (Leica, Deerfield, IL).
Immunohistochemistry was performed with the follow-
ing antibodies: NeuN was detected using a mouse mono-
clonal antibody (diluted in blocking solution 1:500)
(Chemicon, Temecula, CA; MAB377, lot 19060600) raised
against purified cell nuclei from the mouse brain. Accord-
ing to the manufacturer this antibody stains 2-3 bands in
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the 46-48 kD range and 0--1 bands of molecular weight 66
kD on Western blot. Immunohistochemistry against NeuN
is widely used to stain neurons; however, the identity of
the antigen is not known. We used anti-NeuN to identify
the borders of the song nuclei HVC and Area X. GABA was
detected using a rabbit polyclonal antibody (diluted
1:2,000) (Sigma, St. Louis, MO; A2052, lot 095K4830)
raised against GABA-BSA. According to the manufacturer
this antibody shows positive binding to GABA and nega-
tive binding to BSA in a dot blot assay. Parvalbumin was
detected using a mouse monoclonal antibody (diluted
1:1,000) (Sigma, P3088, lot 075K4794) raised against pu-
rified frog muscle parvalbumin. According to the manu-
facturer this antibody stains a 12-kD band on Western
blot. DARPP-32 was detected using a mouse monoclonal
antibody (diluted 1:10,000; clone C24-5a), a gift of H.C.
Hemmings (Cornell University), raised against purified
bovine DARPP-32. This antibody stains a single band of
molecular weight 32 kD on Western blot (Hemmings and
Greengard, 1986). A rabbit polyclonal antibody (diluted
1:1,000) against DLX family members was used to identify
the subpallial portion of the juvenile zebra finch VZ. The
antibody, a gift of S.B. Carroll (University of Wisconsin),
was raised against a synthetic peptide corresponding to
the following 61-amino acid homeodomain of butterfly
DLL: MRKPRTIYSSLQLQQLNRRFQRTQYLALPERAE-
LAASLGLTQTQVKIWFQNRRSKYKKMMK. This anti-
body recognizes a conserved homeodomain found in DLL
and DLX proteins in arthropods (Panganiban et al., 1995)
and vertebrates (Brown et al., 2005). TBR1 was detected
using a rabbit polyclonal antibody (diluted 1:100), a gift of
M. Sheng (MIT), raised against a synthetic peptide corre-
sponding to residues 614-624 of mouse TBR-1 (Hsueh et
al., 2000). This antibody has been shown to stain a band of
molecular weight 85 kD in Western blots from mice and
rat brains (Wang et al., 2004). The monoclonal antibody
39.4D5 (diluted 1:500), obtained from the Developmental
Studies Hybridoma Bank (Iowa City, Iowa), was used to
detect the region of the VZ putatively homologous to the
mammalian lateral ganglionic eminence. This antibody
was raised against a synthetic peptide corresponding to
amino acid residues 178-349 of rat ISL-1 and has been
shown to stain both ISL-1- and ISL-2-positive cells
(Tsuchida et al., 1994) and has previously been used to
identify the lateral ganglionic eminence in mice (Stenman
et al., 2003). A monoclonal antibody against Nkx2.1 (Lab-
vision, Fremont, CA; clone 8G7G3/1 lot 699p212) (diluted
1:100) was used to detect the region of the VZ putatively
homologous to the mammalian medial ganglionic emi-
nence. According to the manufacturer, this antibody was
raised against rat TTF-1 (NKX(2.1) and stains a band of
molecular weight 40 kD on Western blots.
Tissue sections were placed in blocking solution con-
taining 10% normal goat serum (Hyclone, Logan, UT),
0.25% Triton X-100 (Sigma) in PBS for 20 minutes. Tissue
sections were then incubated in antibody diluted in block-
ing solution for 1 hour, washed 3 times in PBS, and incu-
bated in secondary antibody for 1 hour. Alexa Fluor 555
conjugated goat antimouse (Molecular Probes) and Alexa
Fluor 488 conjugated goat antirabbit (Molecular Probes)
secondary antibodies were used diluted to 1:250 in block-
ing solution. Cy5 antirabbit (Jackson Laboratories, West
Grove, PA) was used diluted to 1:100 in blocking solution.
Colabeling of antibodies and GFP was determined using
confocal microscopy. In many cases antibodies could not
The Journal of Comparative Neurology. DOI 10.1002/ene
B.B. SCOTT AND C. LOIS
penetrate deep enough into the tissue section to reach the
depth of the cell bodies of GFP+ neurons. In these cases,
since we were unable to determine whether the neuron
expressed the particular antigen, we did not include those
GFP+ cells in our immunohistochemical analysis.
Image acquisition and processing
Photomicrographs were obtained using a Nikon
PCM2000 confocal microscope or an Olympus IX70 epiflu-
orescence microscope and Retiga 1300 digital CCD camera
(Qimaging, Surrey, BC, Canada). Neurolucida (Micro-
BrightField, Williston, VT) was used to trace and record
the positions of new neurons and song nuclei from brain
sections. Photoshop (Adobe Systems, Mountain View, CA)
was used to add color, merge images, and adjust contrast
and brightness. ImageJ was used to merge serial sections
acquired with the confocal microscope.
RESULTS
Expression patterns of homeobox and T-box
transcription factors in the ventricular zone
of juvenile songbirds
To determine whether the VZs ofjuvenile songbirds and
embryonic birds and mammals maintain similar patterns
of gene expression, we examined the expression of TBR1
and members of the DLX gene family using antibodies
raised against the C-terminus of TBR1 (Hsueh et al.,
2000) and against a protein domain that is conserved
among members of the DLX gene family (Panganiban et
al., 1995). DLX-positive (DLX+) cells were present in the
ventral VZ ranging from the ventral end of the ventricular
wall to the border of the mesopallium-nidopallium (Fig.
1D). The highest level of expression was observed in the
ventricular wall adjacent to the striatum. This region
corresponds to the previously described ventral prolifera-
tive "hot spot" that contains a high number of mitotic cells
and radial glia (Fig. 1C) (Alvarez-Buylla et al., 1990b;
Dewulf and Bottjer, 2005). DLX+ cells were also observed
in the striatum itself, in the medial pallium, and to a
lesser extent in the lateral and dorsal pallium.
In the mammalian embryo the DLX-expressing region
of the VZ is further divided into the LGE and the MGE. A
region homologous to the mammalian LGE and MGE has
also been previously described in embryonic chick brain
(Puelles et al., 2000). In mice the LGE can be detected
using antibodies against homeodomain-containing tran-
scription factors ISL-1 and ISL-2 (ISL-1/2) (Stenman et
al., 2003). This region is believed to be the source of the
medium spiny neurons of the striatum (Deacon et al.,
1994; Wichterle et al., 2001). The MGE can be identified
by expression of the homeodomain-containing transcrip-
tion factor NKX2.1 and is thought to be the source of
cortical parvalbumin- and somatostatin-expressing inter-
neurons (Xu et al., 2004) (Butt et al., 2005). In the DLX+
portion of the lateral ventricle in the juvenile zebra finch
we observed expression of both ISL-1/2 and NKX2.1 (Fig.
1F,G), suggesting the existence of LGE-like and MGE-like
progenitor zones in the postnatal songbird brain. ISL-1/2
was expressed throughout the VZ adjacent to the striatum
and NKX2.1 was expressed primarily in the ventralmost
portion of the lateral ventricle.
TBR1 was expressed throughout the lateral and dorsal
pallium and in the adjacent VZ (Fig. 1E). The density of
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TBR1 cells was highest in the hyperpallium and mesopal-
lium, lower in the nidopallium, and lower still in the
arcopallium. TBR1 expression was absent from the stria-
tum, thalamus, hippocampus, and cerebellum. Interest-
ingly, HVC and RA contained a higher density of cells and
a greater intensity of TBR1 staining than surrounding
brain regions. Cells in the lateral magnocellular nucleus
of the nidopallium (LMAN) were also positive for TBR1,
although the cell density and signal intensity were not
obviously different from the surrounding nidopallium.
Expression of TBR1 was highest in HVC, the wall of the
lateral ventricle dorsal to HVC (data not shown), and in
the anterior edge of the dorsal aspect of the lateral ven-
tricle. This latter region is rich in radial glia and corre-
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sponds anatomically to the dorsal proliferative "hot spot"
previously described (Alvarez-Buylla et al., 1990b; Dewulf
and Bottjer, 2005). Although the VZ dorsal to HVC con-
tains vimentin-positive cell bodies, few vimentin-positive
fibers enter HVC (Alvarez-Buylla et al., 1988b). Long-
distance migration of precursors for projection neurons is
thought to depend on guidance provided by the long pro-
cesses of radial glia. The scarcity of vimentin-positive
radial fibers through HVC suggests that neurons born in
the VZ dorsal to HVC may not have the ability to distrib-
ute throughout the pallium and might instead migrate
exclusively into HVC.
Fate of the cells derived from the pallial
ventricular zone above HVC
Based on the pattern of TBR1 expression in the finch
forebrain that we observed, we hypothesized that HVC to
RA projection neurons (HVCpA) might originate in the
dorsal portion of the VZ. The presence of vimentin-positive
cells and many TBR1+ cells contained in the VZ immedi-
ately dorsal to HVC supported a hypothesis by Goldman
and Nottebohm (1983) that this region of the lateral ven-
tricle in particular might produce HVCR neurons. To test
this hypothesis we used an oncoretroviral vector carrying
the gene for GFP to follow the fate of neuronal progenitors
in three different regions of the VZ of three juvenile zebra
finches (age 28-48 days) and in four different regions in
four adult female (age 90-94 days) zebra finches that
spanned the TBR1 + portion of the lateral ventricle. Viral
vectors based on oncoretroviruses readily infect mitoti-
cally active cells but are unable to infect nondividing cells
(Roe et al., 1993) such as neurons. Animals were sacrificed
35 days after virus injection and their brains prepared for
Fig. 1. Expression of homeobox and T-box transcription factors in
and near the lateral ventricle of the juvenile zebra finch. A. Schematic
diagram of the left hemisphere of the finch brain in a frontal section
at the level of the anterior commissure, roughly 3.0 mm anterior of
bregma. The dark line (arrow) identifies the lateral ventricle. Thin
solid lines indicate the laminar divisions of the forebrain. NP, nido-
pallium; MP, mesopallium; ST, striatum; Th, thalamus. The box iden-
tifies the region of the lateral ventricle shown in B-E. B: Diagram of
the region pictured in C-F. The solid black line indicates the lateral
ventricle. The dotted line (arrow) represents the laminar division that
separates the mesopallium (MP) from the striatum (ST). The septum
(SP) lies medial to the lateral ventricle. C: BrdU staining in the wall
of the lower region of the lateral ventricle. The highest level of cell
proliferation was observed in the VZ from the border of the mesopal-
lium (arrowhead) to the ventral tip of the lateral ventricle (arrow).
This region corresponds to the ventral proliferative "hot spot" de-
scribed before (Alvarez-Buylla et al., 1990b). D: DLX expression in the
lateral ventricle and surrounding brain regions. Expression of DLX is
highest in the BrdU-positive region of the lower part of the lateral
ventricle. However, DLX staining was also observed in the striatum
(ST), the septum (SP), and to a lesser extent in the pallium (MP). The
dotted line indicates the pallial-striatal border. E: TBR1 is expressed
exclusively in the pallium and pallial ventricular zone. The TBR1+
zone abruptly stopped at the pallial-striatal border (dotted line).
F: Expression of NKX2.1 was primarily restricted to the ventralmost
portion of the lateral ventricle. The pattern of NKX2.1 expression also
overlapped with the expression of pattern of ISL-1/2, suggesting that
in the juvenile finch brain the LGE-like region and MGE-like region
are not completely segregated. G: Expression of ISL-1/2 in and around
the lateral ventricle. ISL-1/2 was observed in the striatum (ST), the
septum (SP), and in the lowest part of the VZ adjacent to the striatum
(arrows). Dotted line indicates the pallial-striatal boarder. Scale
bars = 1 mm in A; 0.5 mm in C (applies to D-G).
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histological analysis. All seven injection sites produced
many (>25) GFP+ cells with similar appearance that
were found in long clusters that extended ~200-800 [Lm
along an axis perpendicular to the VZ at the injection site.
All had round cell bodies and thin, spiny dendrites. Of
these different locations, only injections into the lateral
ventricle directly dorsal to HVC produced GFP+ cells in
HVC. Once we determined that the VZ dorsal to HVC was
a source for HVC cells, we injected three juvenile males
28-35 days posthatch with our oncoretroviral vector in
this region. To confirm the identity of HVCR projection
neurons, small injections of a retrograde tracer (Fluoro-
Gold or cholera toxin conjugated to Alexa Fluor 555) were
made into RA 4 or 7 days prior to perfusion (see Materials
and Methods).
To determine the spread of infection and to identify cell
types infected by our oncoretroviral vector we injected an
additional three birds (males age 28-48 days posthatch)
in the ventricular zone dorsal to HVC and examined the
distribution of GFP-labeled cells 2-4 days later. Two days
after infection GFP+ cells were observed within the VZ
near the injection site and in the surrounding brain region
(data not shown). Most GFP+ cells were observed within
300 Vm of the injection site, and no cells were observed
further than 600 [m from the injection site. These cells
had round cell bodies and many appeared to have short
processes oriented parallel to the ventricular wall. We
inferred that these cells had undergone recent mitosis but
had not yet acquired a phenotype that identified what
kind of cell they would become.
Four days after infection GFP+ cells were observed in
the VZ and nidopallium at distances up to 600 pLm away
from the injection site (Fig. 2A). At this time many cells
had a morphology characteristic of migratory neurons,
with a long leading process that terminated in a growth
cone, a small round cell body, and a short trailing process.
Interestingly, no cells with radial glia-like morphology
were observed at any survival time. In addition, we never
observed cells remaining in the VZ after long survival
times (35 days).
Five weeks after injections targeted to the VZ above
HVC, GFP+ neurons were observed in HVC and the ni-
dopallium adjacent to HVC (Fig. 3A,B). Interestingly, no
GFP+ cells remained in the VZ, nor did any GFP+ cells
appear to be in the process of migration. All GFP+ cells
inside HVC had a similar morphology (Fig. 3C,D). These
cells had small round cell bodies between 7 and 12 pLm in
diameter (mean, 10.0 Rm; n = 28), and thin spiny den-
drites that appeared to be confined to HVC. Many GFP+
axons were visible and could be seen to exit the posterior
border of HVC, project along the posterior region of the
nidopallium, and enter RA, where they branched exten-
sively. Most axons wandered in and out of the 100-[xm
sections. However, in one case we were able to observe an
axon in its entirety projecting from HVC to RA in the same
section (Fig. 4A). We observed at least two general path-
ways of entry into RA (Fig. 4B,C). Some axons appeared to
enter RA at its most posterior aspect and branch as they
entered the nucleus. Other axons appeared to arrive at the
dorsal border of RA, then turn anterior and skirt the
dorsal edge of the nucleus, and finally enter RA further
toward its anterior tip. Interestingly, some cells appeared
to bundle their axons together over the course of their
projection (Fig. 4D). Even though retrograde injections
covered the extent of RA, only about half (18/32) of the
Fig. 2. Distribution of GFP+ cells shortly after injection of retro-
virus into HVC. A: Parasagittal section of the posterior forebrain of a
bird perfused 4 days after injection of oncoretroviral vector. The
section is immunostained with anti-NeuN (red) to identify the borders
of HVC. Dotted line indicates the border of HVC. GFP+ cells were
observed along the lateral ventricle (arrows) and within HVC. Four
days after infection cells were observed up to 600 sm from the injec-
tion site. The asterisk identifies a region of autofluorescence, which
was an artifact of tissue processing. NP, nidopallium. B: Migrating
GFP+ cell derived from the DLX+ region of the lateral ventricle 7
days after injection. The cell had a short trailing process, a small cell
body, and a long leading process with a growth cone at its tip (arrow).
This morphology is typical of GFP+ cells observed 2-7 days after
infection, and similar to that of migrating cells in the adult avian and
embryonic mammalian brain. This cell was found in the wall of the
lateral ventricle dorsal to the injection site with its leading process
oriented dorsally toward the pallium. Scale bars = 200 mm in A; 10
sim in B.
GFP+ neurons in HVC were labeled with retrograde
tracer. Previous studies have obtained similar percent-
ages of BrdU+ cells backfilled from RA 30 days after BrdU
injection, and have noted that the percentage of colabeled
cells increases over time (Kirn et al., 1991, 1999). This
suggests that at least a portion of our GFP+ cells in HVC
that were not backfilled were somewhat immature HVCR
neurons. Moreover, all GFP+ cells appeared similar in
appearance to previously described HVCR cells (Mooney
and Prather, 2005). These observations suggest the follow-
ing, not necessarily mutually exclusive, possibilities: 1) In
addition to HVCR cells, the VZ above HVC produces a
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Fig. 3. Addition of new projection cells to HVC during song learn-
ing. A: Tracing of a parasagittal forebrain section obtained from a
posthatch day 65 zebra finch 35 days after injection in the VZ dorsal
to HVC. Cells (black squares) were observed in HVC and the sur-
rounding nidopallium. Thick black lines indicate the lateral ventricle
(LV) and the boundaries of HVC and RA. Axons were observed orig-
inating from HVC (arrow) and entering RA (arrowhead). B: GFP+
neurons (green, indicated by arrowheads) were observed in HVC and
the surrounding nidopallium (NP). HVC to RA projecting neurons are
labeled with a retrograde tracer injected into RA (red). GFP positive
class of spiny interneurons that do not project to RA. 2)
Some HVCR neurons had not yet extended axons into RA
35 days after their birth. 3) Labeling of HVCp cells with
certain retrograde tracers may be partial, so that only a
portion of cells with axons within RA are backfilled. Some
GFP+ neurons were observed in the nidopallium outside
HVC. These cells were morphologically similar to HVCp
cells but, in general, had thicker dendrites that were more
G
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axons (arrow) can be observed exiting the posterior portion of HVC.
C: Image of a GFP+ cell within HVC. The morphology of this cell is
typical of the HVC cells that project to RA, with small round body,
thin spiny dendrites, and a prominent axon (arrow). D: Image of a
second GFP+ cell within HVC for comparison. E-G: GFP+ cells in
HVC labeled with the retrograde tracer cholera toxin injected into RA.
E: GFP+ cell. F: Alexa Fluor 555 conjugated to cholera toxin. G:
Merged images of GFP and Alexa Fluor 555 conjugated to cholera
toxin. Scale bars = 1 mm in A; 100 sm in B; 20 pm in C (applies to D);
10 pm in G (applies to E,F).
densely covered with spines. In addition, their axons were
thin and difficult to detect and we did not characterize
their projection pattern.
Fate of cells derived from the ventricular
zone adjacent to the striatum
To follow the fate of cells born in the DLX+ portion of
the lateral ventricle adjacent to the striatum, we injected
HVC
207
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this area with 150-1,000 nL of oncoretroviral vector and
35 days after infection we examined the identity and po-
sition of the GFP+ cells. Although we did not attempt to
thoroughly characterize the migration patterns of these
cells, we examined one bird 7 days after infection. We
observed cells that, based on their morphology, appeared
to be in the process of migration in two directions, 1)
dorsally toward the pallium along the wall of the lateral
ventricle, and 2) laterally along the radial glia tracts that
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run in the lamina that separates the striatum and pal-
lium. These cells had a long leading process, whose orien-
tation we used to infer direction of migration, with an
apparent growth cone at its distal end, and a short pre-
sumed trailing process (Fig. 2B). These cells resembled
migrating neuroblasts in the developing mammalian cor-
tex. Cell migration from the subpallial VZ into the pallium
has been observed before in embryonic birds and mam-
mals (Cobos et al., 2001; Marin and Rubenstein, 2003),
and is thought to take place by a distinct type of migra-
tion, called tangential migration, that occurs independent
of radial glia. Five weeks after infection, no migrating
GFP+ cells remained; instead, all labeled cells appeared
to have a mature neuronal phenotype. Mature GFP+ cells
appeared distributed throughout the hyperpallium, meso-
pallium, nidopallium (including HVC), and striatum (in-
cluding Area X) (Fig. 5A). The furthest cell appeared more
than 8 mm away from the site of injection. Few GFP+
cells were detected in the arcopallium, a brain region that
has been shown to have a low rate of new neuron incor-
poration after hatching (Alvarez-Buylla et al., 1994).
Area X. The vast majority of the GFP+ cells in the
striatum had a morphology that was distinct from the
cells observed in HVC. Labeled cells in Area X had highly
branched dendritic arbors and an axon that appeared
confined to Area X. The soma of GFP-labeled cells in Area
X was between 6 and 10 Rm in diameter (mean, 7.7 pim;
n = 49), and their dendrites were densely covered with
spines (Fig. 5C-E). These cells bore close resemblance to
the previously characterized spiny neurons of Area X (Far-
ries and Perkel, 2002) and to the medium spiny neurons of
the mammalian striatum (Wilson, 2004). To further char-
acterize this cell population we performed immunohisto-
chemistry against DARPP-32 (Fig. 5F-H), a specific
marker for medium spiny neurons in the mammalian and
avian striatum (Anderson and Reiner, 1991; Reiner et al.,
1998). The DARPP-32 antibody did not penetrate deeply
into our vibratome sections and therefore we were only
able to characterize seven GFP+ cells in the superficial
region of our sections. Six of these seven cells were also
positive for DARPP-32.
HVC. GFP+ cells were also detected throughout the
pallium including HVC and HVC shelf (Figs. 6D, 7D). The
number of new neurons that were detected in HVC after
viral injection in the lower region of the VZ was relatively
low (16 neurons from four injected hemispheres). It is
important to notice that HVC occupies only a very small
percentage of the volume of the forebrain and perhaps,
Fig. 4. Characterization of HVC projection cells born during vocal
learning. A: GFP-labeled cells in HVC and the surrounding nidopal-
lium following infection of the VZ dorsal to HVC. GFP+ axon (arrow)
from HVC to RA observed in its entirety. A GFP-labeled cell outside of
HVC is labeled with an asterisk. B: Tracing of the innervation of RA
by axons of HVC projection cells. Two patterns of innervation were
observed. Some axons, such as the one pictured in A, entered RA at
the posterior end of the nucleus (arrow). Other axons appeared to
skirt the dorsal edge of RA and enter the nucleus at the anterior edge
(arrowhead). In either case the axon of the HVC projection cell ram-
ified immediately upon entry into RA sending out at least two collat-
erals that branched extensively throughout the nucleus. C: Photo-
graph of the innervation of RA used to produce the tracing in B.
D: Axon bundles in the HVC to RA projection. Scale bars = 250 pim in
A; 200 Vtm in C; 10 pm in D.
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Fig. 5. Neuron addition in Area X. A: Tracing of the distribution of
GFP+ cells in a parasagittal section of the zebra finch forebrain 35
days after infection of the ventral VZ with retroviruses. Cells (black
squares) could be observed throughout the striatum, including Area X
and pallium (dotted line indicates the border of the striatum and
pallium). New neurons were also detected in HVC, although not in
this section. B: GFP+ cells (green, indicated by arrows) in Area X
immunostained with an antibody against NeuN (red). Dotted line
indicated the border of Area X. C-E: Confocal microscopy images of
accordingly, it may only receive a small percentage of the
neurons produced in this area of the VZ. In addition, the
low number of GFP+ cells observed following injection of
the DLX-expressing region of the VZ could reflect a low
rate of interneuron addition in HVC at the age our birds
were injected. We observed at least two distinct cell mor-
phologies in HVC and HVC shelf. The first cell type ob-
served (9/16) had an oblong cell body of about 9 by 14 Rm
GFP+ cell in Area X (C,D) and surrounding striatum (E) 35 days after
infection of the avian MGE and LGE. The morphology of these cells is
characteristic of GFP+ cells in Area X and the surrounding striatum.
These cells had small cell bodies and thick spiny dendrites. (F-H)
GFP+ cells in Area X express DARPP3-32. F: GFP cell body in Area
X imaged with confocal microscope. G: DARPP-32 immunostaining in
the same optical section as D. H: Merged images of GFP and
DARPP-32 immunostaining. Scale bars = 1 mm in A; 200 pLm in B; 10
pLm in C (applies to D,E); 25 psm in H (applies to F,G).
in size, a large dendritic tree with few primary dendrites,
and an axon that appeared confined to HVC. The den-
drites were thicker than those of the HVCp projection
cells and they were densely covered with large spines (Fig.
6A-C). This cell type resembles previously characterized
neurons in the canary HVC identified by horseradish per-
oxidase (HRP) filling of neurons (Paton and Nottebohm,
1984) and by Golgi stain (Nixdorf et al., 1989). Immuno-
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Fig. 6. Newly generated spiny interneuron in HVC. A-C: Three
examples of new spiny interneurons in HVC born in the ventral
ventricular zone. These cells were characterized by their small oblong
cell bodies and thick spiny dendrites. D: GFP+ cell (green, indicated
by arrow) observed in a parasagittal section containing HVC. Immu-
nohistochemistry against parvalbumin (red) is used to identify the
boundary of HVC. Dotted line indicates the border of HVC.
staining of these GFP+ cells revealed that they were
positive for GABA and negative for the calcium-binding
protein parvalbumin (PV) (Fig. 6E-I). In some cases
parvalbumin-positive (PV+) processes appeared to sur-
round the cell bodies of these neurons (Fig. 7H). The
pattern of parvalbumin staining appeared identical to the
previously described staining pattern in HVC (Wild et al.,
2005).
We observed a second neuron type in HVC and the
surrounding nidopallium with large round cell bodies, be-
tween 11 and 17pm in diameter, and large dendritic ar-
bors (Fig. 7A-C). The dendrites of these cells were either
aspiny or sparsely covered with thin spines or filopodia.
We observed this cell type less frequently (4/16). We were
able to characterize three out of these four cells by immu-
nohistochemistry. All three neurons were immunopositive
for GABA, and two expressed PV (Fig. 7E-J). These cells
were similar to the fast-spiking PV+ inhibitory neurons in
the zebra finch HVC (Mooney and Prather, 2005), as well
as the PV+ inhibitory basket cells found in mammalian
hippocampus (Somogyi and Klausberger, 2005) and cortex
(Kawaguchi and Kubota, 1996).
E-I: Immunohistochemical analysis of spiny interneurons in HVC
using confocal microscopy. E: GFP+ cell body in HVC. F: GABA
immunostaining. G: Merged images of GFP and GABA-
immunostaining. H: PV staining of the same region. I: Merged images
of GFP and PV immunostaining. Scale bars = 20 pLm in AC (applies
to B); 100 [tm in D; 50 pim in I (applies to E-H).
Three cells (3/16) could not be easily assigned to ei-
ther category. By some estimates, the number of cell
types in the mammalian cortex and hippocampus is
extremely large (Markram et al., 2004) and often neu-
rons are difficult to assign to a particular type (Parra et
al., 1998). The cell type composition of HVC may be as
diverse as the mammalian cortex, and the unassigned
cell types we observed could reflect the diversity of HVC
interneurons. Alternatively, our inability to assign
some neurons to a particular class may be a conse-
quence of our histological analysis. In this study, tissue
sections were cut thin (30 pm) to allow better immuno-
histochemical analysis. For some cells (n = 2), however,
the tissue sections were too thin to adequately charac-
terize their dendritic morphology. Future experiments
labeling greater numbers of HVC interneurons will be
necessary to address these uncertainties about the
number of different interneuron subtypes in HVC. Our
method, based on fate mapping by oncoretroviral vec-
tors, is likely to be biased for the detection of different
cell types and there may be yet additional cell classes
added to the song circuit during vocal learning.
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Fig. 7. Newly generated aspiny interneuron in HVC. A-C: Confo-
cal microscopy images of three aspiny interneurons in HVC originat-
ing from the ventral ventricular zone. These cells were characterized
by their large cell bodies and aspiny dendrites. D: GFP+ aspiny
interneuron (arrow) in a parasagittal section of HVC. Immunohisto-
chemistry against parvalbumin (red) is used to identify the boundary
of HVC. Dotted line indicates the border of HVC. Although aspiny
interneurons in HVC typically express parvalbumin, this particular
cell did not. This cell is pictured at higher magnification in C.
E-J: Immunohistochemical analysis of aspiny interneurons. E: GFP+
DISCUSSION
Although the avian and mammalian forebrains differ at
the level of gross morphology, several lines of evidence
suggest that the basic cell types, and perhaps circuitry,
are conserved between birds and mammals. Our results
suggest that postnatal neurogenesis in the songbird
shares some important similarities to embryonic neuro-
genesis in birds and mammals. Based on the expression of
the transcription factors TBR1, DLX, NKX2.1, and ISL-
1/2, it appears that the same pattern of gene expression
present in the lateral ventricle of embryonic mice and
chicks (Puelles et al., 2000; Stenman et al., 2003) persists
in the brains of juvenile zebra finches. Moreover, we have
demonstrated that in juvenile zebra finches these regions
of the lateral ventricle produce similar neuronal subtypes
to those generated from homologous regions of the embry-
onic mouse (Marin and Rubenstein, 2003; Xu et al., 2004;
Butt et al., 2005). We observed the addition of at least four
cell body in HVC. F: GABA immunostaining. G: Merged images of
GFP and GABA-immunostaining. H: High-magnification image of parv-
albumin staining. Parvalbumin was detected in cell bodies and neuropil
in HVC. Parvalbumin staining revealed many varicosities (arrowheads)
that often appeared to surround spherical PV- zones. These zones are
probably the cell bodies of other neurons, since we sometimes observed
GFP+ cell bodies surrounded by PV+ varicosities. I: Parvalbumin stain-
ing of the same region shown in C-E. J: Merged images of GFP and
parvalbumin immunostaining. Scale bars = 20 sim in A (applies to B,C);
50 pLm in D; 30 sLm in J (applies to E-G,I; 15 sm in H).
different classes of new neurons to the song system of the
juvenile zebra finch: 1) HVC to RA projection cells, 2)
spiny, PV-, GABA+ neurons in HVC, 3) aspiny PV+,
GABA+ neurons in HVC, and 4) medium spiny neurons in
Area X, two of which, medium spiny neurons and PV+
inhibitory interneurons, have clear homologs in the mam-
malian forebrain.
Identity of cells targeted by oncoretroviral
vectors
Oncoretroviral vectors are capable of infecting mitoti-
cally active cells, therefore it is somewhat surprising that
we did not observe any GFP+ radial glia in the injection
site, since these cells are know to be actively dividing stem
cells that give rise to new neurons in the vertebrate fore-
brain (Alvarez-Buylla et al., 1990b; Noctor et al., 2001).
Moreover, we did not observe any GFP+ cells remaining
in the VZ after long (35 days) survival times. These obser-
............................................................. .
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vations suggest that we are not infecting the true stem
cells that reside in the VZ, and instead are infecting either
a progenitor that gives rise to migrating neuroblasts or
the neuroblasts themselves during mitosis. Similar obser-
vations have been made following oncoretroviral injec-
tions into the subventricular zone of newborn mice, where
the oncoretrovirus appears to infect newborn cells that
migrate to the olfactory bulb, but not the stem cells within
the walls of the lateral ventricle (Luskin, 1993).
Origin of HVCR projection neurons
Previous studies using a combination of retrograde trac-
ing from RA and 3H thymidine labeling identified the
majority of HVC neurons born after hatching as HVCpA
neurons (Nordeen and Nordeen, 1988; Alvarez-Buylla et
al., 1988a, 1990a). Our results confirm the addition of
HVCR neurons into the juvenile finch brain and identify
the VZ above HVC as their site of origin, as suggested by
Goldman and Nottebohm (1983). Our data suggest that
the VZ above HVC is the only region of the VZ that
generates HVCRA neurons during vocal learning. How-
ever, this region of the V2 may also produce other types of
neurons exclusively for HVC, as there were, after all in-
jections; GFP+ cells in the nearby nidopallium.
Since the juvenile zebra finch VZ above HVC appears to
generate HVCRA projection neurons, but not neurons that
project to Area X or interneurons, it should be possible to
specifically target this cell type by infection of the precur-
sor cells with an oncoretroviral vector. In this study we
introduced GFP into a subset of HVC, neurons. How-
ever, oncoretroviral vectors can be engineered to carry an
expression cassette containing any gene of interest. Genes
of interest can also be introduced into fully mature HVCL
neurons by direct infection of HVC with lentiviral-based
vectors (B.B.S., unpubl. obs.), a class of vectors that can
infect both postmitotic cells as well as cells that are ac-
tively proliferating (Naldini et al., 1996). However, this
method would also target other neuronal cell types in
HVC, such as interneurons and HVC to Area X projection
cell, as well as nonneuronal cell types, such as astrocytes.
Origin of HVC GABAergic interneurons
Our results also identify the site of interneuron origin
for HVC. Following oncoretroviral injections into the ven-
tral VZ we observed at least two classes of GABAergic
interneurons in HVC. These cells may migrate to their
destination in the song circuit by tangential migration, a
form of migration independent of radial glia used by in-
terneuron precursors in the mammalian forebrain (Ander-
son et al., 1997).
Of the two classes of new HVC interneurons we ob-
served, the addition of PV+ aspiny cells is particularly
interesting. These cells resemble the fast-spiking PV+
basket cells of the mammalian cortex and hippocampus in
terms of morphology, electrophysiology, immunohisto-
chemistry, and developmental origin. In mammals, fast-
spiking basket cells are thought to contribute to precise
spike timing (Pouille and Scanziani, 2001). PV+ aspiny
cells in HVC have been shown to mediate fast feedforward
inhibition onto projection neurons and interneurons
(Mooney and Prather, 2005). The firing patterns of inter-
neurons and projection neurons of the song system during
song-related activity have submillisecond temporal preci-
sion (Yu and Margoliash, 1996; Chi and Margoliash, 2001;
Hahnloser et al., 2002), and perhaps PV+ aspiny cells in
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HVC contribute to the precision of this timing. PV+ bas-
ket cells have also been implicated in the control of the
critical period of ocular dominance plasticity in the mam-
malian visual cortex (Hensch, 2005). It would be of con-
siderable interest if the addition of PV+ interneurons into
the juvenile brain had a similar role in the sensitive period
for vocal learning.
It is more difficult to speculate on the function of the
spiny, PV-, GABAergic interneurons in HVC because
their electrophysiology has not been characterized.
Nature and role of the new Area X neurons
Postnatal new neuron addition occurs in songbirds at its
highest rate in Area X and the surrounding striatum
(Alvarez-Buylla et al., 1994). We were able to identify
these new cells as medium spiny neurons (MSNs), the
principal neurons of the vertebrate striatum. This result
is somewhat surprising. While the circuitry and cell type
composition of the basal ganglia appears conserved be-
tween mammals and birds (Doupe et al., 2005), MSNs
were only recently identified in avian striatum (Farries
and Perkel, 2000). MSNs are a major component of the
mammalian basal ganglia and have attracted a great deal
of interest because these cells are preferentially lost in
Huntington's disease (Mitchell et al., 1999).
The addition of MSNs may be related to vocal learning.
Area X is the input structure to the anterior forebrain
pathway (AFP), a neural pathway essential for song learn-
ing, but not for the production of learned song (Bottjer et
al., 1984). MSNs are thought to be the primary input cells
in Area X, and therefore the AFP, receiving direct synaptic
input from both HVC and LMAN (Farries et al., 2005).
The AFP has been hypothesized to control the variability
of the juvenile song and may provide a means for song-
birds to explore a range of vocalizations (Kao et al., 2005;
Olveczky et al., 2005); however, the precise function of
Area X in song learning has been difficult to determine.
One intriguing hypothesis is that Area X may be involved
in the acquisition of the tutor's song (Ding and Perkel,
2004; Singh et al., 2005). Perhaps new medium spiny
neurons are involved in the formation of new auditory
memories that are used to shape the output of the AFP
during singing (Solis and Doupe, 2000).
Comparative neuroanatomy based on cell
type
Historically, comparative vertebrate neuroanatomy has
focused on the homologies between similar brain regions
found in different vertebrate species (Nieuwenhuys et al.,
1998). However, evidence from fate mapping experiments
and mouse mutants has shown that a single forebrain
region is composed of a variety of cells types, each derived
from a distinct lineage (Marin and Rubenstein, 2003).
Moreover, it has been observed that anatomically distinct
brain regions, such as the striatum, neocortex, amygdala,
and hippocampus, contain neurons, particularly interneu-
rons, that share the same developmental origin (Marin et
al., 2000; Reid and Walsh, 2002; Nery et al., 2002; Xu et
al., 2004) and have very similar physiological properties.
Since cell types appear to be shared across anatomically
distinct brain areas within a species and across similar
brain areas in different vertebrate species, it seems im-
portant to consider the cell type as a conserved unit that
may have similar functions in different neural circuits.
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NEUROGENESIS IN SONGBIRDS
Our experiments provide evidence that cells in the vocal
learning circuit of the avian forebrain share a strong ho-
mology to cell types found in the mammalian cortex and
basal ganglia. Previous studies have suggested the exis-
tence of similar cell types in the avian and mammalian
forebrain based on morphological, electrophysiological,
and immunohistochemical evidence (Wild et al., 1993;
Farries and Perkel, 2000; Mooney and Prather, 2005).
Based on similarities of cell connectivity, it has been hy-
pothesized that although the avian and mammalian fore-
brains differ at the level of gross anatomy, they share
equivalent circuits (Karten, 1997; Jarvis et al., 2005). We
propose that different cell types in the vertebrate brain
may have evolved to perform certain computations in a
neural circuit, and that a particular cell type can be used
in different brain regions where its specialized function is
needed. Taking a comparative approach across different
taxa may help to identify the function of specific cell types
of the forebrain. The existence of specialized brain circuits
for learning a robust quantifiable behavior makes the
nervous system of songbirds a particularly attractive sys-
tem for exploring the functional contribution of different
neuronal types.
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Chapter 3
Search-like Neuronal Migration in the Postnatal Vertebrate
Forebrain
Most vertebrate species add new neurons to brain circuits throughout life, a process
thought to be essential for tissue maintenance, repair and learning. How new
neurons migrate through the mature brain, differentiate into neurons and establish
synaptic connections within a functioning circuit is not know. We used two-photon
microscopy to image the addition of genetically labeled newly generated neurons
into the brain of juvenile zebra finches. Time-lapse in vivo imaging revealed that the
majority of new neurons were morphologically complex, extending several motile
processes in different directions, and migrated hundreds of microns over multiple
days. These cells lacked obvious polarity and switched direction frequently by
nuclear invasion of a new process. Migration frequently ended only after new cells
made direct soma-soma contact with mature neurons. These results provide direct,
in vivo evidence for a search-like form of neuronal migration involved in the
addition of new neurons into the postnatal brain.
The migration and integration of new neurons into brain circuits is an essential
process in vertebrate development. In humans and other mammals, this process is mostly
complete before or soon after birth, except in two brain regions, the hippocampus' 2 and
olfactory bulb3 , where new neurons continue to be added throughout life. In contrast,
widespread postnatal neurogenesis is found in most other vertebrate species, including
fish, amphibians, reptiles and birds5 . Since its discovery, postnatal neurogenesis has
stimulated interest as a potential therapeutic treatment for brain disorders caused by
neuronal loss6 . The successful implementation of this strategy will require understanding
how new neurons migrate through the mature brain and integrate into existing circuits
without disrupting behavior.
Songbirds are a leading model system for the study of postnatal neurogenesis
because they add new neurons into the song system, a specialized forebrain circuit that
controls the production of the song7 . One nucleus in the song system, the High Vocal
Center (HVC), receives new excitatory neurons that project to downstream motor nuclei
and form a pathway that is essential for normal singing8 . Interestingly, in two songbird
species, zebra finches and canaries, the highest rate of neurogenesis in HVC occurs
during the critical period for song learning" 0 , suggesting that the addition of new
neurons is essential for memory formation. However, the mechanisms by which new
cells reach HVC, differentiate into neurons and form synaptic connections in HVC during
song learning are unknown.
Multiple forms of neuron migration have been described in the vertebrate brain"-
12. For instance, in the embryonic mammalian cortex, projection neurons use the fibers of
radial glia as a scaffold for their migration 3 whereas interneurons are closely associated
with corticofugal axons"4 . In birds, radial fibers persist into adulthood, suggesting that
these may guide postnatal neuron migration as well 15 . However, radial fibers are sparse
16
or absent in HVC, suggesting that other mechanisms of neuron migration may exist
To address these questions we used real time, in vivo imaging to directly observed the
migration and integration of new neurons into the HVC of juvenile zebra finches.
RCsults
Multiple migratory neuronal types in the postnatal brain
To selectively image newly born neurons in HVC, we labeled the progenitor cells
for HVC neurons in 40-60 day old zebra finch males with a GFP encoding oncoretroviral
vector, which only infects mitotically active cells17. At 8 days post infection (dpi), soon
after new neurons begin to enter HVC18,19, we observed two main GFP+ cell types in
tissue sections from HVC. Thirty percent (14/52) of the GFP labeled cells had a
morphology that corresponded to the classically described bipolar migratory neuronsa
and were frequently (10/14) associated with radial glia (Fig. 1 a). In contrast, the
majority of GFP+ cells within HVC (38/52) had a complex morphology with three to
eight (mean=4.0) processes extending in multiple directions from the cell body (Fig. lb),
and were infrequently (3/38) associated with radial glia. Most complex cells within HVC
expressed Hu (70/75) (a marker for neurons at all developmental stages)19 and Dcx
(50/75) (a marker for migratory and immature, post-migratory neurons)2 1,22 , but few
expressed NeuN (1/75) (a marker for mature neurons)23 (suppl figs. a-c) suggesting that
complex cells, while committed to a neuronal fate, may not have completed their
migration.
Migratory behavior of new neurons in vivo
To examine the behavior of complex cells in vivo, we performed two-photon
time-lapse imaging on GFP+ cells in HVC beginning at 7 dpi. Since HVC is a superficial
brain structure extending from 100pm to 700ptm below the pial surface, it was possible to
image the complete migratory trajectories of newly generated cells in vivo for up to three
weeks. GFP+ cells were initially tracked at 12-hour intervals until they stopped moving
or left the field of view (700 [tm x 1000 tm x 200 pm depth). To accurately identify the
positions of GFP+ cells across successive imaging sessions we retrogradely labeled
HVCx cells, a neuronal population in HVC projecting to Area X of the avian striatum that
is generated exclusively during the embryonic period, using the fluorescent marker DiI
(Fig. 1 d). The position of the DiI labeled HVCx neurons relative to each other did not
change over time and could be used to register imaging fields across successive imaging
sessions (see methods).
In vivo the majority of GFP+ HVC cells (19/21) lacked obvious polarity, and had
multiple processes extending in different directions, closely resembling the complex
GFP+ cells observed in histologically processed tissue sections (Fig. 1c). Time-lapse
imaging revealed that these cells were migratory neurons, moving their somata up to 126
[tm in a 12-hour period (mean +/- s.d. = 42.6 +/- 27. 1pm). Two features of the migratory
behavior of these cells were surprising and deviated from previously described forms of
migration. First, complex cells did not migrate along straight paths; instead they
frequently changed directions (Fig. 1 e). As a result, the tortuosity (T) of their trajectories,
defined as the ratio between path length and the distance between the path's start and end
points, was high (T1.69 +/-0.81). Second, cells changed morphology significantly
between imaging sessions, adding and removing most of their processes (Fig. If). In
contrast to the behavior of complex cells, time-lapse imaging revealed that bipolar cells
in HVC (n=2) had migratory routes of low tortuosity (T = 1.06 and 1.13), consistent with
their presumed association with the radial glia scaffold. We also compared the migration
paths of 11 complex GFP+ cells with the pattern of blood vessels, another scaffold for
migrating neurons24 . None (0/11) of the complex cells followed the pattern of blood
vessels (suppl fig. d) suggesting that these newly generated cells did not use blood
vessels as scaffold for their migration.
Mechanisms of complex cell migration
To investigate migratory mechanisms at a finer timescale we acquired time-lapse
images of HVC every 6 minutes for up to 6 hours. Analysis of soma movements revealed
that complex cells (n=7) moved up to 0.6 pm per minute (mean= 0.14 +/- 0.12 ptm/min)
and changed directions every 152 minutes on average (+/-54 min) (mean turn angle= 680,
+/-36*, see methods). Movement of the cell body always (12/12 movements, 7 cells)
occurred by translocation of the nucleus along one of the processes emanating from the
cell body (Fig. 2a). Direction change was accomplished by the cell nucleus invading a
process whose heading differed from the previous trajectory (Fig. 2b). Before the
invasion of a new process the movement of the cell body would cease, resulting in
alternating periods of movement and rest during the course of migration (Fig. 2c-e). The
movements of all GFP+ cells were biased away from the lateral ventricle (mean elevation
= -11.57, P<0.001 Rayleigh test, see methods) (Suppl Fig. f), but exhibited no other
directional preference. Their trajectories were uniformly distributed in the horizontal
plane (P=0.066, Rayleigh test) (suppl Fig. g). If migrating cells in HVC were following a
chemoattractant gradient one would expect cell headings to be biased towards the source
of the gradient. The multiple migratory directions of GFP+ cells within HVC suggests
that new neurons are not guided by a single point source of chemoattractant. Instead the
data are consistent with the existence of a chemorepellent, present in the VZ, which
drives cells away from lateral ventricle and into the brain parenchyma.
To assess the effects of anesthesia on the migratory behavior of immature neurons
we measured the displacement rates of cells imaged in animals continually anesthetized
for 6 hours, and compared them with those of cells in animals returned to their cages
between imaging sessions. We used displacement rate, defined as the direct distance
between a cell's start and end position over a defined time interval, because the
instantaneous velocities and turn frequencies could not be calculated for cells imaged at 3
and 12-hour intervals. We observed no significant difference in displacement rates over a
3-hour interval between cells imaged in anesthetized animals (n=7 cells) and cells from
animals returned to their cages between imaging sessions (n= 11 cells) (2-sided t-test,
p=0.8238).
The processes of complex cells were dynamic (Fig. 3a, 3b) and appeared to
sample the cell's immediate environment. The process tips grew and retracted at equal
speed (0.67 +/- 0.64 Itm/min). On average, processes oriented in the direction of
movement (see methods) experienced significantly more growth than process oriented in
other directions (two-tailed, two-sample t-test p<0.001) (Fig. 3c). Processes undergoing
growth had a swelling at their distal tip that was absent from retracting processes (Fig.
3a). These swellings resembled axonal growth cones and were frequently observed
making contact with the somata of mature neurons (Fig. 3d), perhaps reflecting a sensory
role for process tips.
To determine the eventual developmental fate of these complex migratory cells,
we imaged GFP+ cells (n=66) at 48-hour intervals. Once cells had ceased migrating
(n=16/66) we were able to monitor their differentiation into mature neurons up to 30 dpi.
Based on morphological evidence, including the presence of dendrites, dendritic spines
and an axon, all 16 GFP+ cells that stopped migrating in HVC appeared to differentiate
into neurons. Of these cells, 75% (12/16) made soma-soma contact with HVCx neurons.
In contrast, only 24% (12/50) of the GFP+ cells that subsequently continued migrating
over the next imaging session made soma-soma contact with HVCx cells. These
observations suggest that mature HVC neurons may provide cues for the termination of
neuronal migration.
Discussionl
Using in vivo two-photon imaging, we have observed a previously undescribed
search-like form of migration involved in the construction of a neural circuit in the
postnatal brain during learning. The behavior and morphology of these migratory cells
suggests that they do not follow a predetermined route or scaffold. Complex cells in
HVC extend multiple processes in different directions and then select one of these
processes to transiently determine their heading. In other brain regions new neurons that
migrate along a scaffold have a simple, polar morphology that reflects the commitment of
those cells to a particular route2 5 . The existence of multiple, exploratory processes
emanating from the somata of migratory neuroblasts within HVC suggests a flexibility of
direction that is not consistent with a cell's heading being predetermined by a fixed
scaffold guiding its migration.
Migrating neuron reminiscent of complex cells in HVC have been described in
tissue slices from the embryonic cortex in vitro26272829. In these reports newborn
neurons with multiple processes were reported to move in an undirected, random walk or
"wandering" pattern. However it is unclear if this wandering form of migration plays a
role in brain development, or whether it may be an artifact of the in vitro slice preparation
used29 . Our results confirm the existence of a search-like form of migration in the intact
postnatal brain. This observation supports the hypothesis that wandering migration plays
a general role in the assembly of neuronal circuits, including the mammalian neocortex.
The behavior of migratory cells in HVC indicates the existence of a cellular
mechanism that allows new neurons to navigate through the mature brain. One of the
bottlenecks for successful neuron replacement strategies for the treatment of neurological
disease is the inefficient migration observed when cells are grafted into the mature
mammalian brain. This limitation appears to be due not to the lack of permissivity of the
adult parenchyma, but by the intrinsic inability of most grafted cells to migrate 0 in the
absence of specific scaffolds. The activation of the cellular program responsible for the
search-like migration we have observed may allow grafted cells to integrate into the
mature human brain to replace cells lost to injury or disease.
Methods
Virus Production
Membrane-targeted GFP, a fusion of GFP with the palmitolation sequence from the N
terminus of Gap-43 , was cloned into an oncoretroviral vector, based on the Moloney
Murine Leukemia virus. GFP expression was driven by the internal promoter of the Rous
Sarcoma Virus, which we had previously shown to be a strong promoter in migrating
neurons in the Zebra Finch32 . Viral particles were produced as described 3 , and
concentrated to 0.5-1.5 X 106 infectious units per microliter. Aliquots of viral vector
were stored at -80'C until use.
Subjects
All experiments were carried out in accordance with protocols approved by the
Committee on Animal Care at the Massachusetts Institute of Technology. Data were
Twenty-five Juvenile zebra finch males (44-72 days old) from our breeding colony at
MIT were used for this study.
Surgical Procedure and Animal Care
At age 38-45 days, birds were removed from the breeding colony and underwent
stereotaxic surgery. Anesthesia was maintained with 1-2% isoflurane in air. Birds for
immuno-histochemical analysis received 2mm diameter craniotomies dorsal to HIVC on
the right hemisphere. Injections of GFP-carrying viral vector (600-900nl total volume)
were targeted to the ventricular zone dorsal to HVC, which lies 0.0mm anterior, 2.1mm
lateral of the bifurcation of the sagital sinus and 0.1-0.2mm bellow the dura. Following
recovery, finches were housed with other males in our aviary.
Surgery to prepare animals for in vivo imaging was the same as above except for the
following modifications: IM mannitol (20pl/g) was administered to decrease intracranial
pressure and reduce bleeding during surgery. Larger craniotomies, 3-4mm in diameter,
were made above HVC to accommodate the chronic implant. Care was taken to
minimize bleeding of the dura surface. Following skull removal and viral injections, a
thin layer of transparent biocompatible silicone (Kwik-Sil, WPI) was applied to the dura
and a cover glass was placed on top. We began experiments with 5mm diameter cover
glass (1943-00005, Bellco Glass) and switched to 3mm diameter cover glass (3mm
circular, #0, Coming 0211 borosilicate glass, Thermo-Fisher Scientific). We noticed no
difference in the clarity of the optical implant or health of the animal between glass types,
but found surgery more successful with smaller craniotomies. Optical-curing dental
cement (Pentron Clinical Technologies) was used to affix the cover glass to the skull. A
small steel plate (4.75 x 2.25 x 1.00 mm) with threaded screw holes was imbedded in the
dental cement, allowing the head to be temporarily mounted onto the microscope stage to
maintain head placement during imaging. Birds also received 50nl injections of DiI
(Molecular Probes), 5mg/ml in Dimethylformamide (Sigma), into area X. Following
surgery, and between imaging sessions a small amount of opaque biocompatible silicone
(Kwik-Cast, WPI) was applied to the cover glass to protect the glass from debris and the
brain from light. Birds were housed individually in acoustically-isolated chambers.
Songs were recorded in some birds to verify that the optical window, surgery and
repeated anesthesia did not disrupt normal development. Birds were kept on 12h: 12h or
16h:8h light:dark schedules.
Histology and Immunocytochemistry
Histological procedures are similar to those described previously3 2 . Eight days after
injection with retroviral vectors, animals were deeply anesthetized and perfused with 3%
paraformaldehyde (Sigma). After removal from the skull, brains were post-fixed in 3%
paraformaldehyde overnight at 4C. Tissue sections were cut with a vibrating microtome
(Leica) 40ptm thick. Sections containing HVC were incubated in blocking solution, 2%
milk, 0.25% triton in PBS, for 20 minutes at room temperature and then transferred to
primary antibody solution which included rabbit anti-GFP (AB3080, Chemicon) diluted
1:400 in blocking solution and a second primary (see bellow for list of antibodies and
dilutions) in blocking solution and incubated incubated overnight at 4C. Sections were
washed 3 times in PBS for 45 min total, then transferred to secondary antibody solution,
Alexa Fluor 488 goat anti-rabbit IgG (Al 1008, Molecular Probes) and Alexa Fluor 555
donkey anti-goat IgG (A21432, Molecular Probes) and Alexa Fluor 647 goat anti-mouse
IgM (A21238, Molecular Probes) both diluted 1:750 in blocking solution, incubated 2
hours at room temperature, washed as before and mounted. Imaging was performed with
an Olympus Fluoview confocal microscope and analyzed with ImageJ.
To examine the relationship between neuroblasts and radial glia, sections were stained for
vimentin using 40E-C supernatant (Developmental Studies Hybridoma Bank, University
of Iowa) diluted 1:10. Dcx was detected using a goat polyclonal antibody (diluted in
blocking solution 1:500) (sc8066, Santa Cruz Biotechnology). Hu was detected using a
mouse monoclonal antibody (diluted in blocking solution 1:25) (A21271, lot 71 C1-1,
Molecular Probes). NeuN was detected using a mouse monoclonal antibody (diluted in
blocking solution 1:500) (Chemicon, Temecula, CA; MAB377, lot 19060600)
Two-photon Microscope
Imaging was performed on a custom-built two-photon laser-scanning microscope. GFP
and DiI positive cells were excited by near infrared light (960nm) produced by a
Ti:sapphire laser (Tsunami, Spectra Physics) pumped by a 10-W solid-state laser. Images
were acquired using a 20x 0.95 NA water immersion objective lens (Olympus) and
photomultiplier tubes (H7422, Hamamatsu).
Time-lapse imaging
Beginning six to eight days after surgery animals were anesthetized with 0.8-1.2%
isoflurane in oxygen, and head fixed under the two-photon microscope objective. The
birds rested on a pad heated to 42*C, the microscope objective and head-post were also
heated to 42'C. To produce movies of migration (n= 2 birds) images were acquired every
6 minutes for up to 6 hours. Imaging was performed during night hours, which allowed
us to use lower concentrations of isoflurane (~0.8%) to maintain anesthesia. The
immersion fluid above the objective was heated to 34-36*C. Other birds were imaged
every 48 hours (12 birds), 12 hours (2 birds), and 3 hours (2 birds). The duration of
imaging sessions ranged from 30-45 minutes. Between imaging sessions animals were
housed singly or in pairs.
Labeling Blood vessels
To test whether blood vessels formed a scaffold for migration in HVC we recorded the
positions of GFP+ cells every 3 hours for 15-18 hours. To label blood vessels we injected
50ul of 20mM Sulforhodamine 101 (Molecular Probes) into the breast muscle 5-10
minutes before the final imaging session. This protocol yielded identical results compared
with intramuscular injection of fluoresceine conjugated to 70,000 MW dextran
(Molecular Probes) and labeled blood vessels for many (12+) hours. We then compared
the blood vessel pattern to the migration trajectories of the GFP+ cells as well as the
position of the soma to the nearest blood vessel.
Data Analysis and Statistics
Images were acquired using ScanImage software3 4 and processed for contrast, color and
alignment using ImageJ (NIH). Z-stacks from individual time points were aligned using
the Stacks - shuffling/Align Slices plug-in available from the Wright Cell Imaging
Facility. GFP+ cells were traced using Neurolucida (Microbright Field). To track
migration paths image stacks acquired at different time points were first aligned in 3D
using the position of the center of the cell body of Dil-labeled HVCx neurons as
reference points. The position of the center of GFP+ cells was identified by hand and
recorded in imageJ. Migration trajectories were reconstructed using Matlab (Mathworks).
After processing we made two measurements of cell movement using the reconstructed
trajectories. The first was path length (i.e. total distance we observed the cell to move)
the second was displacement (i.e. radial distance, the distance between the start and end
points along a path). Tortuosity (t) was calculated by dividing path length by
displacement. In addition we also calculated displacement for subsets of the migration
path corresponding to discrete time intervals (i.e. cell displacement over 3-hours), which
we used to compare migration across different imaging timescales. T-test was performed
using Matlab. The Rayleigh test35 was performed in Matlab using a script written by
Philip Berens (Max Planck Institute for Biological Cybernetics) and is available at
http://www.mathworks.com/matlabcentral/fileexchange/10676.
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Figure 1 Migratory bipolar and complex cells in HVC.
a-b, Maximum intensity projection of GFP+ cells (green) in HVC and vimentin+ radial
glia fibers (red) obtained from confocal microscopy on tissue sections. Bipolar cells, al,
appeared to migrate along radial fibers a2. Complex cells, b1, did not associate with
radial fibers b2. Border between the ventricular zone (VZ) and brain parenchyma is
indicated by a dotted white line. Scale bar is 50tm. c, Maximum intensity projection of a
GFP+ migratory cell within HVC imaged in vivo using two-photon microscopy. HVCx
cell bodies are labeled with DiI (red). Scale bar is 25Vm. d, Diagram of the labeling
procedure used for two-photon microscopy. X-projecting HVC neurons (HVCx, red dots)
were retrogradely labeled by DiI injection into area X (red pointer). New neurons (green
cell) were labeled by viral injection (green pointer) in the ventricular zone above HIVC.
Brain surface and skull are outlined in black. Scale bar is 2mm. e, Horizontal projection
of the migratory trajectory of a GFP+ multi-polar cell in HVC imaged every 12 hours for
120 hours (black arrows). Red line indicates border of HVC. Scale bar is 100tm. f,
Neuron morphology and position for trajectory shown in e. Time in hours is indicated in
the upper left corner. Arrow indicates direction and distance of migration over the
subsequent 12 hours. Scale bar is 50tm.
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Figure 2 Soma translocation and direction changes in complex cell migration.
a-b Time-lapse maximal-projection in vivo two-photon images of HVC showing soma
translocation and direction change in a migrating neuron. Time in minutes shown for
each image. a, Detail of soma translocation between direction changes. Arrowheads at 0,
6, 30 and 36 min identify the soma during the stationary phase. b, Migrating multi-polar
GFP+ complex cell (green) and surrounding DiI+ HVCx cells (red). White dashed
arrows at 0 min and 126 min indicate the upcoming direction of movement. Direction
change at 126 min is accomplished by the movement of the cell body into a leading
process first extended at -42 min (yellow arrowhead). Scale bar is 20 [m. c-d,
Reconstruction of a 300-minute migratory trajectory in 3 dimensions
(anterior/lateral/depth; A/L/Z). Black dots represent location of the soma center at 6-
minute intervals in either A vs L coordinates (c) or L vs Z coordinates (d). Red line
represents the smoothed trajectory (30-minute sliding average). Grey arrows, labeled TI
and T2, indicate turns in the migration trajectory. Scale bar 5[tm. e. Plot of soma speed
over time for trajectory shown in c & d. Raw data (red line) and 3-point sliding average
(grey line) show speed calculated from smoothed trajectory in c & d. Turns T1 and T2
(grey arrows) occur during stationary phase.
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Figure 3 Dynamics of process growth in vivo
a, Imaging time series of a retracting process (red arrowhead at tip) and a growing
process (yellow arrowhead at tip). Time in minutes indicated in each panel. Scale bar is
1 O[tm. b, Histogram of rate of length changes in processes. Mean growth rate (-
0.0215 tm min-') for all processes was not significantly different from 0 (t-Test,
Pval=0.625) suggesting that migratory cells did not grow in size, but merely changed
shape. c, Processes within 60* of the direction of soma movement grew during the hour
prior to movement of the cell body whereas processes oriented away from the direction of
movement (>600) retracted. Black dots are leading process, blue dots, non-leading
process. Red line is O m growth. d, Single optical sections imaged with a confocal
microscope of a GFP+ process tip (green) making contact (indicated by a white
arrowhead) with a NeuN+ soma (red) in HVC. Each section is separated by a 1 pm step,
relative depth indicated on the upper right hand corner. Scale bar is 10tm.
50 -- P<0.001
L
E :o
2 0 '-1 0
0 0/
8180
Angular Distance
40
o 2001
Gr0 0 4
Growth0(90 m18
.. . ...... ...... ........................................ ...............
Supplemental
a-c, Immunohistochemistry against GFP and markers for neuronal fate. Left panels show
a merge between GFP, shown in green and Dcx (a), Hu (b) or NeuN (c) shown in red.
Right panels show the staining for the neuronal markers only. Arrow indicates the
position of the GFP+ cell body. Scale bar = 10 [tm. Inset in the lower right comer shows
a high magnification image of the cell body. Scale bar = 10 [tm. d, Horizontal projection
of a migration path (white line) superimposed on a maximum projection image of
sulforhodamine-labeled vasculature in HVC labeled (red). Scale bar is 25[tm. e, Maximal
intensity projection of a migratory cell in HVC and nearby blood vessels. Most (13/15)
migrating cells did not make somatic contact with blood vessels. Mean distance from
GFP+ soma to nearest blood vessel was 8.5[tm. f-g, Heading of GFP+ cells in HVC. f1,
Trajectories of 7 cells shown in the coronal plane. Each colored line represents the path
of a single cell over 5.5 hours, aligned to begin at the origin. Scale bar = 5 [tm. g1, Same
trajectories in the horizontal plane. f2-g2 Histogram of all directions taken by 21 GFP+
migrating cells. f2, Distribution of headings is biased away from the lateral ventricle in
the coronal plane. g2, Distribution of headings is uniform in the horizontal plane.
MA
G2
M .- p
F1
D
LL
............... . - . I ................................................................................. .
NeuN
Chapter 4
Discussion
In chapter 1, I proposed to study the addition of new neurons to the postnatal brain. I
suggested that a useful approach to studying the biological function of postnatal
neurogenesis is to directly observe this process. Chapters 2 and 3 describe the addition of
new neurons to the High Vocal Center (HVC) in the juvenile male zebra finch during
song learning. In these experiments we labeled newborn neurons with retroviruses, took
many photos and speculated about the biology of these cells. We discovered where
neuroblasts proliferate, how they move to their targets within the brain and what types of
neurons they become.
In this final chapter I will present a model that attempts to integrate the results of the
experiments described in the previous two chapters. I propose that the architecture of
HVC emerges from a few basic rules about how new neurons behave during development
as opposed to a detailed set of genetic instructions. Moreover, I suggest the possibility
that stochastic cellular behavior plays an essential role in the development of the songbird
brain and the brains of other animals. Finally I will discuss how our results impact
current understanding of the evolution of song learning in birds.
We propose a model for the formation of HVC that supports the idea that the nervous
system is a self-organizing system assembled by both genetically encoded instructions as
well as random noise sculpted by selection. During vocal learning newborn neurons from
the dorsal ventricular zone (VZ) migrate through the brain to their targets within HVC
(Scott and Lois, 2007). These neurons initially travel along radial glia (Alvarez-Buylla
and Nottebohm, 1988), but eventually detach and begin a search program (Chapter 3).
The targets of this search appear to be the mature resident neurons in HVC. Our model is
illustrated in figure 1.
New neurons seek out HVCx neurons during the initial stages of HVC assembly. Since
HVCx neurons are born during embryogenesis, they arrive before the majority of HVCR
neurons, which are born in the postnatal period. This observation suggests that HVCx
neurons may play an important role in development and assembly of HVC. Indeed, cell
type specific lesion experiments suggest that H-VCx neurons function primarily during
song development. Specific deletion of HVCx cells during adulthood has no effect on
song, whereas deletion during learning disrupts normal singing (Scharff et al., 2000). A
developmental role for HVCx cells is further supported by the observation that
exclusively these cells produce the trophic factor IGF-II (Holzenberger et al., 1997) and
the differentiation factor retinoic acid (Denisenko-Nehrbass et al., 2000).
We observe that a newborn neurons stops migrating after it makes soma-soma contact
with a HVCx neuron. We anticipate that HVCx cells provide the cue that triggers the
cessation of movement in new neurons1 . This cue may be electrical in nature, as has been
proposed for neocortical interneurons (Bortone and Polleux, 2009), or chemical, as has
been shown for neocortical projection neurons (D'Arcangelo et al., 1995). We have
observed that new neurons do not stop at the first HIVCx neurons they make contact with,
suggesting that not all 1VCx cells provide an effective stop signal. Instead we
hypothesize that at any one time, a subset of HIVCx neurons express the stop signal and a
migratory neuron may stop at anyone of these HVCx cells. We anticipate that this subset
is rather large fraction of HVCx cells as the search time required to find a specific cells or
a small number of cells would be too long to make this form of migration realistic. If
there exist multiple possible H4VCx available for integration, search time would be
decreased significantly. In this model the integration location of new neurons within
HIVC is not genetically determined. Instead, as with many complex patterns in biology,
the precise architecture of HJVC is the result of a combination of randomness acted on by
selection.
Not all new neurons appear to stop at HVCx, and as development process the
percentage of new neurons that contact HVCx declines. This observation suggests that as
development proceeds mature HVCRA neurons provide the stop signal. In juvenile zebra
finches, 75% of new neurons contact HVCx, whereas in adult canaries 50% of new
neurons contact HVCx and 25% contact HVCRA (Kirn et al., 1999). In our experiments
new neurons were labeled with retroviruses whereas the experiment in canaries, new
neurons were labeled with BRDU. Therefore, the differences in percentages may be due
to other factors.
The migratory behavior of new neurons results in the formation of neuronal clusters in
HVC (Chapter 3, Kim et al., 1999). Clusters are composed of the somata of multiple
HVCx, HVCRA and interneurons that make tight soma-soma contact. This structure can
be observed when both HVCx and HVCRA neurons are retrogradely labeled or when all
neurons are stained, for instance with cresyl violet or antibodies against NeuN, a neuron
specific antibody. From developmental evidence, we postulate that HVCx neurons form
the core of clusters. These neurons arrive before the addition of HVCRA cells and appear
to catalyze the formation of clusters by providing the stop signal to migrating newborn
neurons (Chapter 3). We speculate that clusters, like columns in the cerebral cortex, may
be anatomical and functional units essential to the learning and expression of neural
sequences.
The functional consequence of these clusters is unknown. We hypothesize that a
powerful electrical or chemical synapse exists between the cell bodies of mature neurons
and the neighboring newborn neurons. Such a synapse, if strong enough, would cause
the newborn neurons to fire near synchronously with the mature neuron. Synchrony
could be used for the entrainment of newborn neurons into the existing circuit (see figure
2). In this model, a burst in a HVCx neuron causes a spike in the adjacent new neuron.
Inputs on the dendrites of the new neurons will be strengthened by Hebbian association
when they fire contemporaneously with the burst of the mature neuron (Dan and Poo,
2004). Since the dendritic fields of mature HVCx neurons and HVCRA neurons are
roughly the same diameter (Nixdorf et al., 1989), the inputs that drive the mature neuron
to fire could be the same inputs that become strengthened on the new neuron. This
mechanism would allow newborn neurons to acquire the firing time of neighboring
mature neurons. Once these connections become sufficiently strong, the newborn neurons
could become independent. Such a mechanism of entrainment might be essential to add
new neurons to HVC without disrupting the pre-existing activity pattern so that song
performance can be maintained in the face of an ever-changing cast of neurons.
Alternatively the new neurons could entrain the mature HVCx cell. In the mammalian
cerebral cortex motor neurons extend axon collaterals toward the striatum (Ram6n y
Cajal, 1911) to provide an efference copy for learning. In the avian brain pallial motor
neurons also send collaterals to the striatum, e.g. the LMAN axon splits en route to RA,
sending a collateral to area X (Vates and Nottebohm, 1995) (Nixdorf-Bergweiler et al.,
1995). HVCRA cells do not extend an axon collateral to area X. However, if HVCRA and
HVCx are strongly electrically coupled, HVCx neuron's projection to area X may serve
the same function as an axon collateral that reports the firing time of newly added HVCRA
cells to area X.
There exist two divergent strategies for the developmental origin of pattern in biological
systems. The first posits that form is pre-specified by detailed genetic instructions. The
second suggests that simple rules act upon randomly behaving cells to produce novel
forms. Evidence exists for a role of both strategies during development, including the
generation of brain architecture. The spatial patterns of simple morphological features in
the nervous system, such as synapses, appear to be determined by trial and error (Meyer
and Smith, 2006; Rankin and Cook, 1986). In contrast, a neuron's position in the brain
and axon projection pattern are thought to be genetically determined and specified by the
time of its last mitotic division and its birth place (Rakic, 1988). However, the
observation that neurons are overproduced during development, has led to the hypothesis
that entire neurons, like synapses, may integrate stochastically, and compete for survival
(Buss et al., 2006).
Our data suggests that neuron position in the postnatal avian forebrain proceeds by
selection acting on a biased random walk migration. The primary of evidence for this
hypothesis is the cellular behavior of newborn neurons as they integrate into HVC. As
described in chapter 3, the migratory neurons in HVC move in different directions
independent of each other, make frequent turns and sometimes double-back on
themselves. Their movements are well fit by a biased random walk model.
It is possible that these tortuous routes are required for movement through the mature
brain, which has much less extracellular space then the developing brain (Bondareff and
Narotzky, 1972). However, we also observed bipolar cells migrating through HVC
migrate in straight lines, suggesting that extracellular space is not a fundamental
constraint to all migration in the postnatal brain. Alternatively, an undiscovered scaffold,
exhibiting the same geometric properties as the observed migration paths, guides new
neurons final positions. However, the morphology of most newborn neurons in HVC is
inconsistent with migration along a scaffold. Cells that migrate along scaffold exhibit a
simple, linear morphology that reflects their commitment to a particular path (Hatten,
1990). The existence of multiple, dynamic, probe-like processes emanating from
migratory neurons in HVC suggests that these cells are not guided by a particular
scaffold. These processes contain swellings at their distal tip reminiscent of structures,
such as the tip of leading process of a migrating neuron or axon growth cone, which
perform sensory functions for cellular movement (Lambert de Rouvroit and Goffinet,
2001). The extension and retraction of these probe-like processes suggest that these
neurons must find their path through a search-based mechanism.
One possible benefit of this strategy is that random cellular behavior can generate
diversity from only a few simple rules. This strategy is used by the immune system for
the generation of antibodies (Lederberg, 2002). This approach allows biological systems
to produce complex patterns without the need to encode all the information in the
genome. Just as it would require too much space in the genome to encode all possibly
antibodies, it would require too much genome space to encode the exact positions of cells
and synapses within the brain2.
Over the course of evolution, traits can evolve to produce new forms. There is ample
2 Self-organizing systems may also be more robust to mutation and variation.
When governing rules are simple development may be more robust to noise and
variations can accumulate with immediate selection.
evidence of this process at work in the formation of new morphological features (Carroll,
2008); however, little is know about how new behavioral traits evolve. Vocal learning is
a striking example of behavioral specialization found in many avian species. Does this
trait arise de novo or does it evolve from pre-existing neural circuitry and if so how?
Indirect evidence has been found for both de novo evolution and homology to existing
circuitry. Nuclei in the song system share a similar pattern of gene expression, which is
distinct from surrounding tissue (Akutagawa and Konishi, 2001; George et al., 1995;
Wada et al., 2004). Song nuclei are also highly interconnected with sparse connections to
areas of the brain not involved in singing. These features led to the concept of the song
circuit as a unique organ, distinct from the surrounding brain regions. This high degree
of specialization combined with the molecular similarities between song nuclei might
suggest a common developmental origin for brain regions that control singing.
Evidence from electrophysiology and immediate early gene expression suggests that song
nuclei are homologous to surrounding brain regions (Feenders et al., 2008). These areas
share similar projection patterns to the song nuclei, and are involved in similar behaviors,
such as motor learning. The neuroanatomy of area X provides the most compelling
evidence that the song system is homologous to an endogenous circuit for motor learning
(Doupe et al., 2005; Person et al., 2008). Area X contains cellular elements, such as
medium spiny neurons, that are highly conserved among the vertebrates and found in the
surrounding avian striatum as well as the striatum of other species including mammals
(Farries and Perkel, 2002).
In chapter 2 we examined the developmental origin of cells that join the song circuit.
Developmental data can provide crucial insight into the evolutionary relationship
between cell types. Our fate mapping experiments clearly demonstrate that neurons in
area X and HVC originate from distinct populations of neural progenitors located in
different portions of the VZ. Retroviral injections in the dorsal VZ produced labeled
cells were observed both in HVC and in surrounding brain regions. We could also
observe cells leaving HVC and entering the surrounding brain area. Retroviral injections
into the ventral VZ produce labeled cells in area X and the surrounding striatum. These
results falsify the hypothesis for a common origin of all song nuclei and instead support
the hypothesis that song nuclei are specializations of an endogenous circuit for motor
learning.
More generally our data provides support for the idea that neuronal types are conserved
across different species and different brain areas within the same species. In this model
each neuronal type performs a specific computation within a neural circuit. The
evolution of new behaviors can then result from new connections between neuronal cell
types or the addition of new cell types into the neural circuit. In some cases new cell
types may evolve. Cajal observed that the complexity of the neocortical neuropil
increases from mice to primates, and hypothesized that an increase in the diversity of
neuronal types could account the increased cognitive skills of higher vertebrates (Rakic,
1975).
New behaviors may also arise from the novel placement or connections of existing cell
types. This model is difficult to distinguish from the creation of new kinds of neurons,
since a satisfying criterion for the identification of neuronal types does not yet exist. The
observation that some neurons can change morphology and physiology dramatically once
they have differentiated suggests that morphology and projection pattern may not be
suitable criteria for the judgment of cell types. For example, in cichlid fish, the neurons
that produce gonadotrophin-releasing hormones can exhibit up to eight fold fluctuations
in size depending on the animal's social environment (Francis et al., 1993) and neurons in
the invertebrate nervous system can change their innervation targets during
metamorphosis (Levine et al., 1995).
Direct observation of the cellular behavior has provided us with a number of testable
hypotheses regarding the mechanism and regulation of brain assembly. The development
of optical methods (Denk et al., 1990) and genetically encoded fluorescent markers
(Cubitt et al., 1995) has allowed us to follow the behavior for single cells for long periods
of time in the intact animal. Our work, along with experiments of others using time-lapse
imaging suggests that stochastic cellular behavior plays an essential role in the
development of animals (Lichtman and Smith, 2008). How then do we move forward
and test this model of brain development?
The rise of genetics and molecular biology during the 20th century has provided biologists
with many tools to manipulate the behavior of cells. Direct observation and genetic
manipulation are synergistic for the discovery of developmental mechanisms. The search
for genes naturally biases research towards deterministic models of development, making
stochastic behavior in biological systems more difficult to discover. Documenting
cellular behavior allows us to formulate questions more precisely and to put genetic data
into a logical framework. Quantitative characterization can provide both insight and
constraint into the underlying mechanisms of cell behavior; however, molecular
techniques are essential to test these hypotheses.
Due to songbirds' relatively long generation time (>100 days from egg laying to sexual
maturity in the zebra finch), it is unlikely that classical forward genetics will be a
successful approach to identifying genes in these species. An alternative approach to
forward genetics is to use the existing genetic variation in a population to identify genes
that control brain development or behavior. The songbirds are an excellent group for this
approach. Their clade, the passeri, is extremely diverse - containing roughly 4000
species3 - yet these species are highly similar with respect to morphology (Feduccia,
1996). Song learners (oscines) split from the non-learners (suboscines) during the
cretaceous period (Ericson et al., 2002). However all oscines innately generate species-
specific songs in the absence of learning. This innate song has diversified more recently.
Sufficient genetic similarity exists for hybridization experiments to help dissect the
genetic regulation of innate song features. Moreover the zebra finch genome is the second
3 Different authors argue about the exact number, which ranges from 4177 to 4578
(roughly half of all bird species) (Feduccia, 1996). To put this number in context there
are approximately 4300 mammalian, 6500 reptile and between 20,000 to 40,000 fish
species (Tudge, 2000).
avian genome to have been sequenced. However, in order to make this project
successful, tools to analyze the function of genes in the context of the intact organism
will need to be developed. In the appendix, I describe the tools for the development of
methods for the production of transgenic songbirds.
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Figure 1. Model of migration of new neurons from the germinal zone into HVC.
This diagram shows a cross-sectional view of HVC and the adjacent ventricular zone.
New neurons (labeled in green) are born in the germinal zone of the ventricular wall
dorsal to HVC and can be labeled by an intracranial injection of a retroviral vector
carrying the gene for GFP. After division, these cells migrate away from the lateral
ventricle and enter HVC. Migrating neurons can either use the fibers of radial glia
(labeled in grey) as guides or can migrate independent of scaffolds by a search
mechanism. The targets of this search are the somata of mature HVCx (red circles).
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Figure 2. Model for the entrainment of new neurons into HVC
A. A newborn neuron (green) enters HVC and begins to search for the soma of a HVCx
neuron (red circles, labeled X1-X4). B. Once the newborn neuron contacts the soma of a
HVCx neuron (X3 in this case), the newborn cell stops migrating and begins to extend
dendrites and receive synaptic input (black lines, labeled (ti-t4)). Synaptic inputs are
assumed to be axons from a set of cells, where each set is active at a different time of the
song. Each HVCx neuron (X1-X4) also becomes active at a particular time in the song
and we will assume that each HVCx neuron receives input from synapses that fire
contemporaneously. For instance tI fires with X1, t2 fires with X2, etc. C. Strong
electrical coupling between X3 and the new neuron causes the new neuron to fire
contemporaneously with X3. Since t3 and X3 fire contemporaneously, the contacts
between t3 and the new neuron become strengthened by hebbian association, whereas
other inputs onto the new neuron are weakened. In this way newborn neurons come to be
entrained to the firing times of mature neurons, a mechanism that may help maintain song
performance in the face of postnatal neurogenesis.
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Birds are of great interest for a variety of research purposes, and
effective methods for manipulating the avian genome would
greatly accelerate progress in fields that rely on birds as model
systems for biological research, such as developmental biology and
behavioral neurobiology. Here, we describe a simple and effective
method for producing transgenic birds. We used lentiviral vectors
to produce transgenic quails that express GFP driven by the human
synapsin gene I promoter. Expression of GFP was specific to
neurons and consistent across multiple generations. Expression
was sufficient to allow visualization of individual axons and
dendrites of neurons in vivo by intrinsic GFP fluorescence. Tissue-
specific transgene expression at high levels provides a powerful
tool for biological research and opens new avenues for genetic
manipulation in birds.
avian I genetics I lentivirus I synapsin I neuron
T ransgenesis has proven to be one of the most powerful toolsfor modem biology (1). Genetic experiments using trans-
genic mice, fish, worms, and flies have revolutionized the study
of developmental biology, neurobiology, and immunology,
among other fields. Unfortunately, transgenic tools remain
unavailable for many popular research species. In particular,
useful transgenic birds have been difficult to produce, although
numerous attempts have been made for >25 years (2).
One major obstacle to genetic manipulation in birds has been
achieving reliable expression of the transgene. Foreign DNA can
be efficiently introduced into avian genomes by infecting the
early embryo with oncoretroviral vectors (3). A number of
groups have successfully produced transgenic chickens using this
general method (4, 5, 6). However, in transgenic birds produced
by using oncoretroviral vectors, transgene mRNA and protein
product are present at low or undetectable levels, possibly due
to developmental silencing (6).
Another class of retroviruses, the lentiviruses, is not silenced
during embryonic development. Transgenic mice and rats gen-
erated by using lentiviral vector show reliable transgene expres-
sion (7). Lentiviral vectors have also been used to generate
transgenic pigs and cattle (8, 9), and, in principle, they should
allow for the generation of transgenic birds. Indeed, promising
results were obtained in chickens with the use of recombinant
equine infectious anemia virus (EIAV), a type of lentivirus (10).
Transgenic chickens were generated that expressed GFP in some
tissues; however, the pattern of GFP expression was inconsistent
with the expected activity of the viral promoter used. Recently,
another study reported the use of HIV-1-based lentiviral vectors
to generate transgenic chickens that ubiquitously express GFP
under the control of the phosphoglycerol kinase (PGK) pro-
moter (11). Interestingly, the frequency of germ-line transmis-
sion among chicken founders reported in this study was <1%,
whereas the rate of transgenesis in mice is ~80% (7). These
reports demonstrate the potential strengths of lentiviral vector-
based avian transgenesis. However, to be useful, both of the
following should apply: a system for the production of transgenic
birds should be efficient and gene expression should be predict-
able and reliably controlled by the regulatory sequences of the
transgene.
www.pnas.org/cgi/doi/10.1073/pnas.0508437102
Here, we describe the efficient generation of transgenic birds
with neuron-specific expression using lentiviral vectors derived
from HIV-1. Vectors derived from HIV-1 have been shown to
allow faithful tissue-specific expression in transgenic mice (7).
To test whether lentiviral vectors could be used to direct
transgene expression specifically in neurons, we used the pro-
moter sequence from the human synapsin I gene (Hsyn). Len-
tiviral vectors engineered to contain Hsyn driving GFP were
introduced into Japanese quail embryos. This method produced
mosaic founder quails that expressed GFP in neurons and
transmitted the transgene to their progeny, which expressed high
levels of GFP selectively in neurons. In transgenic animals, the
axons and dendrites of developing neurons were easily detect-
able by fluorescence microscopy.
Our technique can be modified for use in other avian species
and can be used to alter the expression of endogenous genes.
Birds are important model organisms for many problems in
biology but are not more widely used because effective methods
for genetic manipulation in these animals do not exist. Lentiviral
transgenesis is a versatile and powerful tool that will provide a
molecular approach to studying biological questions in birds and
will make possible new avenues for research in a group of
popular research animals for which modem genetic techniques
were previously unavailable.
Methods
Construction of Lentiviral Vectors. We have developed a vector for
neuron-specific transgene expression based on FUGW, a self-
inactivating lentiviral vector derived from the HIV-1 (7). We
replaced the ubiquitin-C promoter region of FUGW with a
regulatory sequence that lies -570 to -93 bp from the tran-
scription start site of the Hsyn. The resulting construct is called
HsynGW (Fig. 1). Recombinant HsynGW virus was prepared
and stored as described (7). We titrated the virus on primary
cultures from newborn rat cortex and confirmed that GFP
expression in vitro was specific to neurons.
Production of Mosaic and Transgenic Quails. Freshly laid Japanese
quail (Coturnix coturnix japonica) eggs were purchased from
CBT Farms (Chestertown, MD) and arrived the next morning by
express courier. Eggs were placed on their sides for 1 h before
injection to allow the embryo to float to the top of the yolk.
Before windowing, egg shells were disinfected with 70% ethanol.
To gain access to the embryo, a 4-by-4-mm window was drilled
at the top of the eggshell with a handheld rotary tool (Dremel,
Mount Prospect, IL), and the shell membrane was removed with
forceps. Viral vector solution of HsynGW (107 infectious parti-
cles per microliter) was loaded into a pulled glass capillary
(Sutter Instruments, Novato, CA; o.d. = 1 mm, i.d. = 0.75 mm)
with a tip that had been scored with a ceramic tile (Sutter) and
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Fig. 1. Diagram of the relevant regions of the HsynGW vector used to
generate mosaic quails. The 5' CMV enhancer is used to express genomic viral
RNA during the production of vector particles but is excluded from the
integrated proviral DNA in the bird's genome. The position of the restriction
site Pstl used for Southern blot analysis of proviral integration is indicated. The
arrow located on top of the HSyn promoter box marks the start site of
transcription of EGFP. The woodchuck hepatitis virus posttranscriptional reg-
ulatory element (WRE) was included to increase the level of EGFP transcrip-
tion. The U3 region of the viral 3' LTR (AU3) contains a deletion that minimizes
the endogenous transcriptional activity of the LTRs of the integrated provirus.
broken flush to 20 im o.d. Embryos were observed with a
dissecting microscope at x16 magnification, and 3 sl of vector
solution was injected into the subgerminal cavity below the
embryo with an oil hydraulic injection system (CellTram oil,
Eppendorf). To allow visualization of the injection site, 5%
phenol red in PBS was added to the viral solution. Injections
were considered successful if the viral solution spread horizon-
tally in a circle below the embryo and if the perimeter of the viral
solution reached the borders of the area opaca (for a useful atlas
of avian embryo anatomy, see Bellairs and Osmond, ref. 12).
More than 90% of injections were successful according to these
criteria. After a successful injection, eggs were sealed to prevent
microbial contamination and fluid loss during incubation.
To seal the eggshell, a round glass coverslip was placed over
the shell window and was attached to the egg with a biocom-
patible silicone elastomer (Kwik-Cast, WPI Instruments,
Waltham, MA). Eggs were placed blunt end up into a forced air
incubator (Brinsea, Titusville, FL), with a temperature of 380C
and a relative humidity of 45% until hatching, and were turned
periodically. Eggs hatched after 18 days of incubation and were
subsequently kept in a heated brooder. Three weeks later,
founder mosaic quails were placed in a cage until they reached
sexual maturity at ~7 weeks, at which time they were mated to
wild-type quails. Eggs from transgenic founders were collected,
placed in the incubator, and examined at different stages of
development. Embryos were examined both with epifluorescent
and confocal microscopes. To genotype hatchlings, we nicked
the alar vein on the wing of 5-day-old animals and collected 70
pl of blood.
Analysis of Transgene Copy Number and Expression Profile. Genomic
DNA from blood was extracted from whole blood samples by
overnight digestion in proteinase K followed by phenol chloro-
form extraction (13). DNA was digested with the restriction
enzyme PstI overnight at 37*C. PstI cuts once inside the inte-
grated provirus between the 5'viral LTR and the Hsyn promoter
(Fig. 1). Southern blot hybridization was performed with a
32 P-labeled DNA probe against the GFP sequence.
To examine GFP expression, juvenile and adult quail were
transcardially perfused with 3% paraformaldehyde in PBS.
Brains were cut into 50-ym sections on a vibrating microtome.
Sections were counterstained with Hoechst 33258 (Sigma-
Aldrich; 1.2 sg/ml) for 5 min at room temperature, mounted in
50% glycerol, and examined under epifluorescence or with a
confocal fluorescent microscope. To examine whether GFP
expression was confined to neurons, we performed double
immunocytochemistry by incubating sections overnight at 4*C
with a Rabbit polyclonal anti-GFP antibody (Abcam, Cam-
bridge, MA; dilution 1:1,000) and mouse monoclonal anti-NeuN
(Chemicon; dilution 1:500). Both antibodies were diluted in a
blocking solution containing 0.1% Triton X-100 and 10% nor-
mal goat serum. The next day, sections were washed with PBS
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Fig. 2. Transgenic animals carry single copies of the HsynGW provirus.
Southern blot analysis of genomic DNA from 23 progeny of Hsyn mosaic
founders. *, Lane with molecular weight standards (1-kb ladder, New England
Biolabs). All other lanes contain genomic DNA from individual F1 quails.
Genomic DNA extracted from quail blood or embryos was digested with the
restriction enzyme Pstl, which cuts once inside the lentiviral vector. The probe
used hybridizes to a 500-bp section of GFP. Transgenic birds were found to
carry only single copies of the integrated provirus as indicated by the presence
of a single band per lane on the Southern blot (lanes 1, 2, 7-13, and 18).
three times for 1 h each and incubated with a fluorescein-
conjugated anti-rabbit secondary antibody (F1-1000, Vector
Laboratories) and a Texas red-conjugated anti-mouse antibody
(Ti-2000, Vector Laboratories) at room temperature for 1 h in
blocking solution. Finally, sections were washed with PBS three
times for 1 h each, mounted in 50% glycerol, and examined under
epifluorescence or with a confocal fluorescent microscope.
Results
Production of Mosaic Quails and Germ-Line Transmission of the
Transgene. Mosaic quails were produced by infecting the blasto-
discs of unincubated eggs with concentrated HsynGW lentiviral
vector. At this stage, the quail blastodisc is a thin sheet consisting
roughly of 40,000 cells. We infected 80 embryos with this
method, and, of these, 8 hatched and developed to adulthood.
Because the vector particles are too large to diffuse throughout
all layers of the blastodisc, this method infects only a percentage
of the cells of the embryo. Therefore, it is expected that these
founder quails will be mosaic for the presence of the transgene.
Accordingly, we expected only a percentage of the somatic tissue
of each quail to carry the transgene. To examine the expression
of the transgene in mosaic founders, we observed tissue sections
from two adult quails (>50 days old).
In mosaic animals, GFP expression was confined to the
peripheral and central nervous system. In tissue sections from
the brain, we could observe GFP expression in the cell bodies of
neurons, axons, and dendrites. In particular, the dendritic fan
and soma of Purkinje cells of the cerebellum and the axons of
projection cells in the hippocampus were brightly fluorescent.
The neurons of the forebrain and optic tectum were also well
labeled. Although individual cell bodies were easily distin-
guished, the high density of labeled neurons made it difficult to
identify the processes of individual neurons. As expected, only a
percentage (~10%) of neurons in the mosaic founders were
GFP-positive (data not shown).
To examine the transmission rate of the transgene to the
progeny, we bred six adult founder (Fo) mosaics to wild-type
quails. The progeny of FO mosaics were screened by Southern
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Table 1. Germ-line transmission rates
transgenic quails
No. of
Generation/ progeny
sex examined
Fo/M 16 5 5 31
Fo/M 47 8 7* 17
Fo/M 12 1 1 8
Fo/M 35 0 0
Fo/F 12 4 4 33
Fo/F 4 1 1 25
F1/M 17 10 10 59
F1/M 8 5 5 62
M, male; F, female; F0, mosaic founder; F1, first generation transgenic.
*In one transgenic embryo GFP expression was not observed.
blot analysis to test for the presence of the transgene (Fig. 2).
Germ-line transmission rate ranged between 8% and 33%,
depending on the founder (results are summarized in Table 1).
One founder mosaic did not produce any transgenic offspring.
Of the 16 transgenic offspring found, each carried a single copy
of the transgene (as assessed by Southern blotting).
Expression Pattern in Fi and F2 Transgenics. GFP expression was first
visible in transgenic embryos after 60 h of incubation. At this
time, GFP was visible in the soma of cells in the rostral spinal
cord and forebrain. GFP expression increased steadily through
early development. By 72 h of incubation, GFP fluorescence was
present in the axon and dendrites of cells in the brain and spinal
cord. After 4 days of incubation, individual neurons in the
forebrain of could be identified (see Fig. 4 A and B). Confocal
microscopy performed on the intact living embryo at this stage
revealed the axons and cell bodies of single neurons of the
forebrain (Fig. 4B). By embryonic day 6, the brain, spinal cord,
and peripheral nervous system showed strong GFP expression
(Fig. 3). The innervation of the limb buds was visible both in the
intact live embryo (Fig. 3A) and in tissue sections (Fig. 3D). The
eyes of the transgenic embryos were particularly well labeled
with GFP (Fig. 4 C and D). GFP expression in the retina was
visible through the pupil. In addition, axons innervating the iris
and cornea could be imaged easily in the live embryo (Fig. 4 C
and D). The observed temporal expression pattern of GFP in the
transgenic quails is similar to that of the endogenous synapsin
gene I in chicken embryos (14).
The level of GFP expression was comparable in 15 of 16 F1
transgenics. However, one embryo that carried a transgene copy
as assessed by Southern blot analysis did not display any detect-
able GFP expression. A positional effect may have been respon-
sible for the lack of expression in this animal, because the site of
transgene integration on a chromosome can exhibit strong
effects on transgene transcription (15).
Two transgenic quails (F1) carrying different insertions were
allowed to develop to sexual maturity. These quails were mated
with wild-type quails to determine whether GFP expression
levels and tissue specificity were consistent across multiple
generations. Progeny were screened by Southern blot analysis to
test for the presence of the transgene, and by fluorescence
microscopy to check for GFP expression. The transgene was
transmitted to F2 progeny at ratios that approached those
expected from the Mendelian inheritance of individual alleles:
59% (n = 17) and 62% (n = 8) for each parent, respectively.
Examination of embryonic, juvenile, and adult quails revealed
comparable spatial and temporal GFP expression pattern in F1
and F2 transgenics.
Fig. 3. GFP expression in an embryonic day 6 transgenic quail. (A) Profile
view of GFP expression in an intact embryo. Arrow indicates head; arrowhead
indicates spinal cord. GFP fluorescence in the retina can be seen through the
pupil. At this stage, the sensory and motor innervation of the developing limb
buds begins to be visible (*). (B) GFP fluorescence in the brain and spinal cord.
(C) Merged view of fluorescence and bright field of the same embryo shown
in B. (D) Cross-sectional view at the level of the forelimbs. Arrowhead indicates
the spinal cord. Arrow indicates a bundle of motoneuron axons innervating
the developing limb bud. The signal observed in the embryo's ventral surface
(*) is due to autofluorescent signal originating from the skin. (E) Sagittal
section of three spinal ganglia (arrowheads). A short section of the spinal cord
labeled by GFP occupies the bottom left of the panel (arrow). Neurons are
labeled by intrinsic GFP fluorescence (green), and nuclei of all cells are labeled
by Hoechst 33258 (blue). (Scale bars: A, C, and D, 1 mm; E, 100 sm.)
Tissue specificity in both F1 and F2 generations was examined
in whole-mount sections from day 6 embryos and in tissue
sections from the brains of juvenile and adult quails. GFP-
positive neurons were clearly visible throughout the brain, spinal
cord, and peripheral nervous system of transgenic animals, but
not in controls. Sections from the cerebral hemispheres, cere-
bellum, and optic tectum were processed for immunohistochem-
istry with antibodies against GFP and NeuN, a nuclear protein
specific for many types of mature neurons (16). No GFP-positive
cells were observed outside the central or peripheral nervous
system. NeuN was observed in the cell nuclei and perinuclear
cytoplasm of cells in the forebrain, cerebellum, and optic tectum.
All NeuN-positive cells expressed GFP, and most GFP-positive
cells were also labeled by NeuN (Fig. 5 A-C). Some cells, such
as Purkinje neurons of the cerebellum, were GFP-positive, but
not NeuN-positive (Fig. 5D). This result was expected because
some cell types, including Purkinje neurons, are not well labeled
by the NeuN antibody (16). However, wherever GFP-positive
cells were not also labeled with NeuN, cell morphology clearly
indicated that these GFP-labeled cells were neurons. The ob-
servation that GFP-expressing cells always had a neuronal
morphology, were labeled with the neuN antibody, and were
restricted to the nervous system demonstrates that transgene
expression was specific to neurons.
Discussion
In this study, we have demonstrated that lentiviral vectors can
be used to efficiently produce transgenic quails that express
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Fig. 4. Imaging of GFP-expressing neurons in live embryos. (A) GFP-
expressing neurons in the brain of embryonic day 4 transgenic quail at low
magnification. Arrowhead indicates region magnified in B. (B) Cell bodies and
axons of GFP-labeled neurons in a live embryo, viewed by confocal micros-
copy. (C) Eye of live embryonic day 6 quail. Arrow indicates GFP-positive retina
viewed through the pupil. Arrowhead indicates axons innervating the cornea
and iris. (D) Individual axon innervating the cornea, viewed by confocal
microscopy. (Scale bars: A and C, 250 gm; B and D, 10 im.)
GFP at high levels. Importantly, the transgene was expressed
selectively in neurons, a pattern we expected based on the
transcriptional activity of the synapsin promoter that we
engineered into our vector. Achieving the reliable spatial and
temporal expression pattern of a transgene is a critical step in
the development of transgenic technologies in birds. Our
vector contains two elements that we expect to contribute to
the faithful expression of GFP in neurons: a highly conserved
promoter and a recombinant viral backbone engineered not to
interfere with transgene expression.
For our promoter, we chose a region of the transcriptional
regulatory element of the Hsyn, an element known to produce
neuron-specific expression in vitro (17, 18). Although the avian
synapsin homolog has not been sequenced, the promoter region
for the synapsin I gene is highly conserved in several mammalian
species (19). In another study (11), the promoter region for
phosphoglycerol kinase was used to direct ubiquitous expression
in transgenic chickens. In contrast, previous studies with trans-
genic birds have often relied on viral promoters such as the SV40
promoter (4) and the CMV promoter (5). It is difficult to predict
the expression pattern of these promoters because they show no
similarity to any known endogenous promoter in birds. When a
lentiviral vector carrying the CMV promoter was used to pro-
duce transgenic chickens, transgene expression was primarily in
the pancreas and to a lesser extent in the liver, skin, muscle, and
lining of the intestine (10). In addition, the level of transgene
expression in these tissues was variable between different trans-
genic lines.
In addition to the promoter used, the viral backbone can also
affect transgene expression. Viral sequences of retroviral-based
vectors have been shown to affect gene expression in two ways.
(i) Oncoretroviral elements and associated sequences are si-
lenced during development by de novo methylation of cytosine
residues. Methylation stimulates the formation of heterochro-
Fig. 5. Selective expression of GFP in neurons from HsynGFP transgenic
quails. Shown is immunohistochemistry against GFP (A) and neuron-specific
marker NeuN (B) in sections from the forebrain of transgenic quails. (C) A
merged image of A and B. Immunohistochemistry was performed against GFP
because intrinsic GFP fluorescence fades after fixation. Tissue sections were
viewed with a confocal microscope. (B) NeuN staining was observed in the
nuclei and perinuclear cytoplasm of neurons. Neuron processes were labeled
only by GFP (see arrow in A). In most cases, GFP-positive cell bodies were also
NeuN-positive (exemplary cells are marked by arrowheads in A, B, and Q.
Some cells with neuron morphology (i.e., bearing axons and dendritic arbors),
such as the Purkinje cells of the cerebellum (D), were GFP-positive, but not
NeuN-positive. This result was expected because previous works have shown
that NeuN antibodies do not label all neurons. (Scale bar: 10 Am.)
matin, which blocks the transcriptional activity of the region
surrounding the integrated retrovirus, and ultimately results in
low or undetectable levels of transgene expression. This effect
had been clearly documented in mice (20), and there is evidence
suggesting this effect may also occur in birds (6). (ii) Retroviral
LTRs contain internal promoters and enhancers, which may
interfere with the expression of the transgene in both oncoret-
roviral and lentiviral based vectors. The vector used in our study
has been engineered to minimize the transcriptional activity of
the LTRs (21), and it was shown to faithfully allow tissue-specific
transgene expression without developmental silencing (7). Thus,
recombinant HIV-derived lentiviral vectors are an effective
vector to allow tissue-specific expression in both transgenic
mammals and birds.
We chose quails as a bird model for transgenesis because of
their widespread use in developmental studies and for a number
of practical reasons (22). Quails are excellent breeders, require
less space to house than chickens, and develop rapidly. Incuba-
tion lasts 18 days, and hatchlings become sexually mature after
7 weeks. Eggs are easy to obtain from farms by mail so it is not
necessary to maintain a breeding colony solely to produce eggs
for the generation of mosaics. Transgenics of other avian species
would require more time and space to breed. Because the
organization of the avian embryo is well conserved at the time
of oviposition, we do not anticipate any major obstacles to the
generation of transgenics in other species, as suggested by
previous experiments in chickens (10, 11).
Transgenesis with lentiviral vectors will allow for the molec-
ular dissection of physiological processes in birds with a level of
precision unattainable with other methods. Lentiviral transgen-
esis can be used to interfere with normal gene expression in a
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number of ways. (i) Genes of interest can be ectopically ex-
pressed to modify the development or function of cells. (ii)
Dominant-negative constructs can be introduced to block nor-
mal gene function (23). (iii) Lentiviral vectors carrying short
interfering RNAs (siRNAs) can down-regulate endogenous
mRNAs and can be used against genes for which no dominant
negative constructs are known (24). These powerful manipula-
tions make lentiviral transgenesis a useful genetic tool to study
complex biological processes in birds.
For our initial experiments we chose a marker that enables the
visualization of individual neurons in the developing embryo. Using
the Hysn promoter to drive expression of GFP in the neurons of
quails, we were able to label individual cells beginning 60 h after
incubation. By 72 h, GFP had diffused into and labeled the
dendrites and axons of neurons in the forebrain and spinal cord.
Because their neurons are well labeled and because of the early age
at which GFP expression begins, these birds will be useful for in vivo
imaging studies of neural development. Strains of transgenic mice
with neuron-specific GFP expression have been valuable for in vivo
studies of synaptogenesis and neuromuscular junction development
(25). However, imaging mouse pups during embryonic develop-
ment is difficult because the mother must be killed and offspring do
not survive long outside the womb. The study of embryonic
development is easier in birds than in mammals, because the avian
embryo can be continuously viewed over hours and days both in the
shell and in artificial culture systems. Current techniques for in vivo
imaging in chick embryos require the injection of dyes or electro-
poration of plasmids (26), but these invasive techniques can disrupt
normal development. Transgenic or mosaic birds could offer a
powerful advantage in experiments where current methods of cell
labeling cannot be used.
We anticipate that avian transgenesis would be particularly useful
for the study of behavioral neurobiology. Experiments with trans-
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molecular experiments are possible) has dominated these fields.
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